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ABSTRACT 

Metal-poor stars in the Milky Way are local relics of the epoch of the first stars and the first galaxies. 
However, a low metallicity does not prove that a star formed in this ancient era, as metal-poor stars 
form over a range of redshift in different environments. Theoretical models of Milky Way formation 
have shown that at constant metallicity, the oldest stars are those closest to the center of the Galaxy 
on the most tightly-bound orbits. For that reason, the most metal-poor stars in the bulge of the 
Milky Way provide excellent tracers of the chemistry of the high-redshift universe. We report the 
dynamics and detailed chemical abundances of three stars in the bulge with [Fe/H] < —2.7, two of 
which are the most metal-poor stars in the bulge in the literature. We find that with the exception 
of scandium, all three stars follow the abundance trends identified previously for metal-poor halo 
stars. These three stars have the lowest [Sc II/Fe] abundances yet seen in a-enhanced giant stars in 
the Galaxy. Moreover, all three stars are outliers in the otherwise tight [Sc II/Fe]-[Ti II/Fe] relation 
observed among metal-poor halo stars. Theoretical models predict that there is a 30% chance that 
at least one of these stars formed at z > 15, while there is a 70% chance that at least one formed at 
10 <z< 15. These observations imply that by z ~ 10, the progenitor galaxies of the Milky Way had 
both reached [Fe/H] ^ —3.0 and established the abundance pattern observed in extremely metal-poor 
stars. 

Keywords: Galaxy: bulge — Galaxy: halo — Galaxy: stellar content — stars: abundances — stars: 
kinematics and dynamics — stars: Population H 


1. INTRODUCTION 


The first stars are thought to form at z > 15, with the 
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the early chemit 
ization of the u 
Way provide a 
through the elen 
As the numbei 
chemical abundi 
come possible to 
search for subtle 

tiese hrst galaxies are unknown. 11 those 
Id be measured, then they would con- 
rties of metal-free Population HI stars, 
:al evolution of galaxies, and the reion- 
niverse. Metal-poor stars in the Milky 
local link to this high-redshift universe 
rental abundances of their photospheres, 
of known metal-poor stars with detailed 
ince measurements has grown, it has be- 
homogeneouslv analyze large samples to 

trends (e.g., Gayrel et al.||2004l Bonifa- 

do et al. 120091 INorris et al.|2013a|b |Yong et al.|2013a|b| 


metal-poor stars in the halo are the direct descendants of 
the hrst stars. This is not necessarily the case though, as 
metal-poor stars form over a range of redshift in halos of 
varying mass and environment. Likewise, stars at a given 
redshift form with a range of metallicity. The examina¬ 
tion of other properties beyond metallicity are therefore 
necessary to identify the stars in the Milky Way that 
f ormed at the highe st redshifts. 


Tumlinson (2010) showed that because galaxies form 
from the inside-out, the oldest stars at a given metallicity 
are found near the center of a halo on the most tightly- 
bound orbits. Indeed, near the center of a Milky Way- 
analog a large fraction of stars with —3 < [Fe/H] < —2 

® Kavli Fellow. 


formed at z > 6, while 20-40% of stars with —4 < 
[Fe/H] < —3 formed at 10 < z < 15. Gonsequently, 
the metal-poor stellar population in the inner few kpc 
of the Galaxy—the bulge—is the best place to search 
for truly ancient stars, including low-mass Population 
HI stars that may have survived to the present day. 

Large-scale spectroscopic surveys of the bulge have 
shown that while metal-poor stars in the bulge are quite 
rare, they do exist. The Abundances and Radial Ve¬ 
loc i ty Ga lacti c Origins (ARGOS ) survey of Freeman et 
[^ (2013) and Ness et ^ ([2013 ) identihed 16 stars with 


e/HJ —2.0 in a sample of 14,150 stars within 3.5 
kpc of the Galactic center. The most metal-poor star in 
their sample has [Fe/H] « —2.6. As part of the third 
phase of the Sloan Digital Sky Survey, the Apache Point 
Observatory Galactic Evolution Experiment (APOGEE) 
collected iJ-band spectra for 2,403 giants stars in outer 
bulge fields and identified two stars with [Fe/H] « —2.1 
(Garcia Perez et al. 2013). 

Ground-based objective prism surveys for metal-poor 
stars in the bulge are impractical due to crowding and 
strong absolute and differential reddening. For this 
reason, searches for metal-poor stars have historically 
avoided the inner regions of our own Galaxy. Re¬ 
cently though, the Extremely Metal-poor BuLge stars 
with AAOmega (EMBLA) survey has success fully used 
narrow-b and SkyMapper u-band photometry (Bessell et 


al. 20111 in the Ca IIH & K region to pre-select candidate 
metal-poor stars for follow mp spectroscopy. In a sample 


of more than 8,600 stars, Howes et al. 


excess of 300 stars with [Ee/HJ ^ —2. 


(20141 found in 
-—including four 
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and significant differential reddening limits the efficiency 
of near UV based selections for metal-poor stars in the 
bulge and restricts their applicability to outer-bulge re¬ 
gions. 


In Schlaufman & Casey (20141, we described a new 
techiiique to identity candidate metal-poor stars us- 


photometry (Skrutskie et al. 

o 

o 

Wright et al. 

2010 

Mainzer et al.|2Ull ). (Jur intrared selection is well suited 


mally affected by crowding or reddening. We found that 
more than 20% of the candidates selected with our in¬ 
frared selection are genuine very metal-poor (VMP) stars 
with —3.0 < [Fe/H] < —2.0. Another 2% of our can¬ 
didates are genuine extremely metal-poor (EMP) stars 
with —4.0 < [Fe/H] < —3.0. In a sample of 90 metal- 
poor candidates—selected with only an apparent magni¬ 
tude cut to be high in the sky from Las Campanas in 
the first half of the year—we identified three stars with 
—3.1 < [Fe/H] < —2.7 within 4 kpc of the Galactic cen¬ 
ter. Two of these stars are the most metal-poor stars in 
bulge in the literature, while t he third is compara ble to 


the most metal-poor star from Howes et al. (2014). 

Because these stars are both tightly bound to the 
Galaxy and very metal-poor, they are likely to be among 
the most ancient stars identified to this point. For that 
reason, their detailed abundances provide clues to the 
chemistry of the first galaxies in the z > 10 universe, 
beyond those already identified in more metal-poor halo 
stars. These stars all have apparent magnitudes V < 13, 
making them unusually bright for stars at the distance 
of the bulge. Their bright apparent magnitudes enable 
a very telescope-time efficient exploration of the z > 10 
Universe. We describe the collection of the data we will 
subsequently analyze in Section]^ We detail the deter¬ 
mination of distances and orbital properties, stellar pa¬ 
rameters, and chemical abundances of these three stars in 
Section We discuss our results and their implications 
in Section and we summarize our findings in Section 

El 

2. DATA COLLECTION 

We initially selected these stars as candid ates accord¬ 
ing to cr i teria (l)-(4) from Section 2 of Schlaufman 
& Caseyl (I2M4|: 0.45 < J - H < 0.6, 1V3 > 8, 
-0.04 < WT^^2 < 0.04, and J-W2> 0.5. We give 
astrometry and photometry for each star in Tabled We 
confirmed their metal-poor nature using lo w-resmution 
spect roscopy from Gemini South/GMOS-S (Hook et al. 
2004Jp in service mode during March and April of 2014. 
Uur Gemini South/GMOS-S follow-up spectroscopy was 
not focused on candidates in the bulge, so the discov¬ 
ery of these stars in the bulge was not predetermined 
by our survey strategy. We used the Magellan Inamori 
Kyoc era Echelle (MIKE) spectrograph (Bernstein et al. 
2003) on the Clay Telescope at Las Campanas Ubser- 


vatory on 2014 June 21-22 to obtain high-resolution, 
high signal-to-noise (S/N) spectra suitable for a detailed 
chemical abundance analysis. We observed all three stars 
in Of!5 seeing at airmass <1.01 with exposure times in the 
range 390-590 seconds. The total exposure time for all 
three sources combined was less than 24 minutes. In- 

^ Programs GS-2014A-A-8 and GS-2014A-Q-74. 


eluding overheads, our Magellan/MIKE observations for 
all three stars were completed in about 30 minutes. We 
used the 077 slit and the standard blue and red grating 
azimuths, yielding spectra between 332 nm and 915 nm 
with resolution R « 41,000 in the blue and R « 35,000 
in the red. The resultant spectra have S/N > 50 pixel”^ 
at 400 nm and S/N > 100 pixel”^ at 600 nm. 

To obtain proper motions for each star, we cross- 


catalogs using TOPCAl 

3 

Zacharias et al. 

2013 

Girard et 

al. 

2011 

Taylor 

2005 

. We fist both sets ol proper mo- 


3. ANALYSIS 


We red uced th e spec t ra using the CarP-\F software 


package (Kelson 2003 Kelson et al. 20141). We 
continuum-normalized ndividuaf echelle orders using 
spline functions before joining them to form a single con¬ 
tiguous spectrum. We estimate line-of-sight radial veloci¬ 
ties by cross-correlating each spectrum with a normalized 
rest-frame spectrum of the well-studied metal-poor giant 
star HD 122563. We use the measured radial velocities 
to place the spectra in the rest-frame of the star. 

3.1. Distances & Dynamics 

To determine the distances between the sun and each 
star in our sample, we use the scaling relation 

L/LQ = {R/RQf{ns/TeS,Q)\ ( 1 ) 

= (M/M0)(g/ge)-i(Teff/Teff,0)^ (2) 

Taking their characteristic mass as 0.8 Mq, the bolomet- 
ric luminosity L of our stars can be approximated as 

log (L/Lo) =log0.8 - (log <7 - 4.44) + 41og (Teff/5777 K). 

( 3 ) 

We then use Equation [3] an d the stellar parameters from 
Schlaufman & Gasey|(|2014|) listed in Table[3|to determine 
L. We use a 10 Gyr, [Ee/H] = —2.5, and^/Fe] = -1-0.4 
Dartmouth isochrone to convert L into an absolute W 1- 


band magnitude Mwi (Dotter et al. 2008). Given the 
available photometry, W l is least affected by extinction. 
We de-redden the ob served W1 magnitudes u sing the 


Schlegel et al. (|1998 |) dust maps as u pdated in Schlafly 
fe h'in kbeiner (2Ulip along with the Indebetouw et al. 
1 20051 infrared extinction law. The distance modulus 


W1 — Mwi then yields d©, the approximate distance of 
each star from the sun. Assuming the dist ance to the 
Galac tic center is Rq = 8.2 ± 0.4 kpc (e.g., |Bovy et al.| 
2009), we can then compute dgc, the approximate dis¬ 
tance of each star from the Galactic center. We perform 
a Monte Carlo simulation to account for the random ob¬ 
servational uncertainties in Wl, Awi, Tes, logg, and Rq. 
We sample 10,000 realizations from the uncertainty dis¬ 
tributions for each quantity and compute cIq and dge for 
each realization. We give both distance estimates and 
their random uncertainties in the first two columns of 
Table 1^ All three stars have dgc < 4 kpc. 

We compute the Galactic orbits of each star in our 
sample using the galpy cod^ with initial conditions set 

® http://www.star.bris.ac.uk/~mbt/topcat/ 
http://code.obs.carnegiescience.edu/mike 
^ h ttp://github.com/1obovv/galpY and described in |Bovy| 
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by the observed heliocentric radial velocities and proper 
motions in Tabl e and est imated d© values from Ta¬ 
ble |4| Following Bovy et al. (2012|, we model the Milky 


the observed Balmer l ines w ith synthetic spectra from 
Barklem & Piskunov| (|2003|). Our analysis of the H-/3 


Wa^s potential as the superposition of a Miyamoto- 
Nagai disk with a radial scale length of 4 kpc and a 
vertical scale height of 300 pc, a Hernquist bulge with a 


with a scale leng 

th of 36 kpc (Miyamoto & Nagai 

1975 

Hernquist 

1990 

Navarro et al. 

1996). We assume that 


Navarro-Frenk-White halo respectively contribute 60%, 
5%, and 35% of the rotational support at the solar circle. 
We integrate the orbits for 200 orbital periods and derive 
the pericenters Cperi, apocenters rap, and eccentricities e. 
We perform a Monte Carlo simulation to account for the 
random observational uncertainties in (Iq, Uhei, ^J-a cos (5, 
and fxg. We sample 1,000 realizations from the uncer¬ 
tainty distributions for each quantity and use those data 
as input to an orbital integration. In an attempt to quan¬ 
tify the systematic uncertainties that result from the in¬ 
put proper motion measurements, we include in Table 15 
orbital properties and uncertainties estimated using both 
UCAC4 and SPM4 proper motions. 

3.2. Stellar Parameters 

We estimate stellar parameters by classical excitation 
and ionization balance using unblended Fe I and Fe I I 
lines. Following the process described in |Casey| (|2014D, 
we measure equivalent widths of individual absorption 
lines from the rest-frame spectra by fitting Gaussian 
profiles. We visually inspect all lines for quality, and 
discard blended or low-significance measurements. For 
these analyses, we assume transitions are in local ther¬ 
modynamic equilibrium (LTE) and employ the plane- 
parallel ID ct-enh anced model atmospheres from |Castelli| 
fc Kurucz ( 2004). We use t he atomic data compi led by 
Roederer et al. 2010|p the Asplund et al. (2009) solar 
chemical composition, and the February 2013 version of 
MO OG to calculate line abundances an d synthesize spec¬ 


tra (Sneden 1973 Sobeck et al. 2011). We require four 
conditions to be simultaneously met tor a converged set 
of stellar parameters: zero trend in Fe I line abundance 
with excitation potential, zero trend in Fe I line abun¬ 
dances with reduced equivalent width, equal mean Fe I 
and Fe II abundances, and that the mean [Fe I/H] abun¬ 
dance must match the input model atmosphere abun¬ 
dance [M/H]. In practice we accepted solutions where 
the slopes had magnitudes less than 10“^ and the abso¬ 
lute abundance differences were less than 10“^ dex. Our 
estimated stellar parameters are provided in Table 
To verify our spectroscopically-derived effective tem¬ 
peratures, we calculate effective temperatures using 
color-temperature relations for 2MASS J — and 


APAS S/2MASS V — Kg colors. W e use the Schlegel et al. 


( 1998 ) dust maps as updated by Schiahy & I'inkbeiner 


(2U11) to account for reddening in both colors. How- 


ever, we find that our photometric temperatures are as 
much as 600 K hotter than our spectroscopically-derived 
quantities. To explore the reason for this discrepancy, 
we also estimate effective temperatures by comparing 

^ We used the corre ct transition probabilities for Sc II from 
[L^ler fc Dakinl | |1989[ l that were misstated in [Roederer et all] 


prohle suggests effective temperatures between 4600 K 
and 4800 K for all three stars, in excellent agreement 
with our excitation-ionization balance measurements. As 
we show qualitatively in Figured our observed spectra 
are very similar to the well-studi^ metal-poor giant star 
HD 122563. Given our independent effective temperature 
estimates, and since HD 122563 is a red giant branch star 


(Jofre et al. 

2014 

), we are confident in our derived spec- 

troscopic efi 

ective temperatures. Moreover, we observe 


repeated saturated interstellar Na I D absorption lines in 
our data. These lines are indicative of multiple optically- 
thick gas clouds along the line-of-sight, each with distinct 
velocities. For these reasons, we assert that the discrep¬ 
ancy between photometric and spectroscopic tempera¬ 
tures is likely due to poorly-characterized reddening in 
the outer bulge region. Given the spectral resolution and 
S/N ratios of our data, we estimate that the uncertain¬ 
ties in our spectroscopically-derived stellar parameters 
are about 100 K in Teg, 0.2 dex in log g, 0.1 dex in [Fe/H], 
and 0.1km s“^ in microturbulence (^). 

We note that our stellar parameters (Teff, logg, [Fe/H], 
would change if we used different model atmospheres 
or included a proper treatment of non-LTE effects. For 
metal-poor giants, the non-LTE treatment would in¬ 
crease the mean Fe I line abundance by about 0.1 dex 
and result in higher surface gr avities for a given effective 


temperature. As an example, Jofre et al. (2014) reports 
a slightly cooler temperature and higher surface gravity 
for HD 122563 than we find for our three stars. How¬ 
ever, in that study and log g were not derived by ex¬ 
citation and ionization equilibrium. Instead, they were 
fixed by bolometri c temperature and an gular diameter 


et al. 


(|2012 |). With the stel- 
( 2014) noted that HD 


measurements from^ 
lar parameters fixed/ Jofre et al. 

122563 showed the largest abundance imbalance of Fe I 
and Fe II lines in their sample. This indicates the the 
application of the equilibrium method in LTE tends to¬ 
wards a different set of stellar parameters. In Figurewe 
plot our stars alongsi de giant star (i.e., log g < 3.0) com¬ 
parison sam ples from |Yong et al.| (|2013a|) and |Roederer| 
et al.| (2014). Although these authors estimated surface 
gravities directly from isochrones, our stellar parameters 
are comparable to their determinations. Consequently, 
we are confident of our stellar parameter estimates. 

3.3. Detailed Abundances 

Our high-resolution, high S/N Magellan/MIKE spec¬ 
tra allow us to measure the abundances of many light, 
odd-Z, a, Fe-peak, and neutron-capture elements. For 
most elements, we determine individual line abundances 
from the measured equivalent widths of clean, unblended 
atomic lines. We take a synthesis approach for molecular 
features (e.g., CH), doublets (e.g., Li), or atomic transi¬ 
tions with significant hyperfine structure and/or isotopic 
splitting (namely Sc, V, Mn, Co, Cu, Ba, La, and Eu) . 
We use molecular data (CH) from Masseron et al. (2014). 
Our hyperfine structure and isotopic splitting data come 
from [Kurucz & Bell (|1995 ) for Sc, V, Mn, Co, and Cu, 


from[Biem ont et al. (1999) for Ba, and from Lawler et al. 
( |200Ia|Ef ' or La and Eu. We assume standard solar sy^ 
tern isotopic fractions as collated by [Anders fc Grevesse 
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(1989|). We report our equivalent width measurements 
in I'able [ 5 ] and our derived abundances in Table [6l 
We estimate lithium abundances through synthesis of 
the Li doublet at A6707. This feature is quite weak in 
our spectra. However, the abundances we obtain are 
typical for stars at the tip of the red giant branch. We 
synthesize the G-band molecular feature at A4323 to es¬ 
timate carbon abundances. None of our stars are car¬ 


bon enhanced by the Beers & Christlieb (20051 defini¬ 
tion of [C/Fe] > -1-1.0^ Un th e other hand, one of our 


stars is carbon enhanced by the Aoki et al. (2007) defini¬ 
tion that takes stellar evolutionary effects into account. 
In either case, there is not much carbon present in the 
photospheres of our stars—[C/Fe] ranges from —0.61 in 
J183713-314109 to -k0.15 in J181503-375120. We mea¬ 
sure potassium abundances from equivalent widths of the 
strong K I transitions at A7664 and A7698. Given the ra¬ 
dial velocities of our targets, these K I lines were mostly 
separated from the telluric A-band feature near A7600. 
We detected Na I in all three stars and derive abun¬ 
dances from the strong A5889 and A5895 transitions. We 
measure Al I from the A3961 feature. 

All three stars appear a-enhanced (Mg, Ti, Si, and 
Ca). On average, the a-element abundances of these 
three metal-poor stars in the bulge are similar to those 


(e.g.. 

Gayrel et al. 2004 [Yong et al.|2013a 

Roederer et al. 

2014 

. [Mg/h'e] varies between +0.46 and +0.57, while 


ever, in all stars we find that [Ti I/Fe] and [Ti II/Fe] 
are slightly lower than the other a-elements, between 
[Ti/Fe]= +0.22 and +0.29 (Figure [^. In all stars, the 
mean abundances of neutral and ionized Ti transitions 
agree within 0.03-0.08 dex. We measure [Si I/Fe] abun¬ 
dances from the A3905 transition, yielding [Si I/Fe] abun¬ 
dance ratios between +0.71 and +0.86. 

There are a large number of Fe-peak transitions avail¬ 
able in our spectra: Sc II, V I, Cr I & Cr II, Mn I, 
Co I, Ni I, Cu I, and Zn I. While Sc, V, Cr, A4n, Co, 
Ni, and Zn are clearly measurable in all stars from mul¬ 
tiple unblended lines, we do not detect Cu I in J155730- 
293922 or J183713-314109. Instead, we provide upper 
limits for Cu I from the A5105 transition. We also report 
a low-significance detection of Cu I in J181503-375120 of 
[Cu I/Fe] = —0.51. Our Fe-peak abundance ratios gener¬ 
ally follow the mean halo abundance trends observed by 
other authors in giant stars of similar metallicity (e.g., 
Cayrel et al.||200^ [Yong et~ar |2013a| [Roederer et al.j 


2014|. We hnd that ]Si l/Fe], Il/Fe], and [Mn l/Fe 


abuhdances are at the extremes of the abundance dis¬ 
tribution observed in halo metal-poor giant stars. We 
show this in Figure [^ and explore possible explanations 
for these observations in Section [H 

We measure elemental abundances from the hrst (Sr 
and Y) and second (Ba) neutron-capture peaks. We do 
not detect Eu or La in our targets, and therefore we re¬ 
port upper limits for these elements in Table [^ Sr and 
Y have a common nucleosynthetic pathway, and we ob¬ 
serve comparable abundance ratios for these elements in 
all three stars. As we show in Figure [^ all of our mea¬ 
sured neutron-capture abundances are indistinguishable 
from the abundances observed in halo metal-p oor giant 
stars (Yong et al. 2013a [Roederer et al.|[2014 ). 

The uncertainties m chemical abundances are domi¬ 


nated by systematics, principally due to the uncertainties 
in determining stellar parameters. We vary the stellar 
parameters of each star by the estimated uncertainties 
and calculate the resulting change in abundances. We 
give the sign and magnitude of these effects in Table [^ 
along with the quadrature sum of systematic uncertain¬ 
ties. Due to a lack of lines for some elements, we adopt 
a minimum random uncertainty of 0.1 dex. We estimate 
total uncertainties as the quadrature sum of random and 
systematic uncertainties, which we list in Table [^ For 
uncertainties in [X/Fe] abundance ratios (e.g., as shown 
in FiguresjsJI^, we adopt the quadrature sum of the total 
uncertainties m [X/H] and [Fel/H]. 

4. DISCUSSION 

Our initial survey was not targeted at the bulge, so we 
are observing all three stars at random orbital phases. 
Since a star on a radial orbit spends most of its orbit 
near apocenter, there is a strong prior that we are ob¬ 
serving all three stars close to apocenter. Our estimated 
Galactocentric distances and orbital parameters for the 
three stars listed in Table [^ securely place J155730- 
293922 and J183713-314109 in the bulge on tightly bound 
orbits. In both cases, the currently-observed Galacto¬ 
centric distances are consistent with the idea that both 
stars are near apocenter. At the same time, the differ¬ 
ences in proper motion reported by UGAG4 and SPM4 
deviate by up to 3-tT. It seems clear that the quoted 
random proper motion uncertainties are not represen¬ 
tative of the total uncertainties including the contribu¬ 
tion from systematics. Both stars have F ^ 13 and 
have had their proper motions matched to the correct 
2MASS sources, so the discrepancy is not due to faintness 
or misidentihcation. Nevertheless, the range in proper 
motions reported by UCAC4 and SPM4 should be an 
approximation of the effect of the unreported system¬ 
atic uncertainties. Since both UCAG4 and SPM4 place 
J155730-293922 and J183713-314109 on tightly bound 
orbits, there is no reason to reject the idea that they 
are indeed tightly bound. We therefore argue that since 
J155730-293922 and J183713-314109 are metal-poor, lo¬ 
cated near the center of the Galaxy, and on tightly bound 
orbits, they are likely to be truly ancient stars according 
to the analysis described in Tumlinson (2010). 

On the other hand, the orbital parameters listed in 
Table [^ for the star J181503-375120 suggest that it may 
be a halo star on a very eccentric orbit. Both UGAC4 
and SPM4 agree that cos 6 « 20 mas yr“^ with high 
signihcance, indicating a substantial transverse velocity 
at 9.0/j2’2 The problem with that scenario is that 

J181503-375120 would spend only a tiny fraction of its 
orbit near where it is observed today, and we are there¬ 
fore observing it at a special time. There are two possi¬ 
ble interpretations of this observation. The hrst is that 
both UCAG4 and SPM4 have somehow overestimated 
the /Tq, cos 5 proper motion of J181503-375120. This can¬ 
not easily be rejected. Though the UGAG4 and SPM4 
proper motion measurements were produced indepen¬ 
dently, they both used the same blue SPM plates for 
their hrst epoch astrometry. In that case, the apparently 
large proper motion of J181503-375120 could be the re¬ 
sult of an issue with the same blue SPM plate. Moreover, 
both UCAC4 and SPM4 may be subject to residual sys¬ 
tematic uncertainties at the level of 10 mas yr“^. The 
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second interpretation is that J181503-375120 is genuinely 
on a very eccentric orbit that takes it from the bulge all 
the way to the edge of the Local Group. Though we 
cannot reject the latter hypothesis, we suspect that the 
former is a better explanation. Nevertheless, the proper 
motion of J181503-375120 merits further attention. If its 
parallax is measured and its proper motion confirmed by 
Gaia, then it could be a hypervelocity star that has been 
ejected from the Galactic center by a three-body interac¬ 
tion involving the Milky Way’s supermassive black hole. 
In any case, J181503-375120 is currently located near the 
center of the Galaxy. 

Since all three stars in our sample are old, one might 
wonder if the orbits we observe today might be signifi¬ 
cantly different from their orbits at higher redshift. Even 
though we will argue that our stars formed at z ^ 10 , 
they we re likely accreted by the Milky Way more re¬ 
cently. Tumlinson (2010) found that even metal-poor 
stars that formed at 2 ; ^ 10 are no t typically accreted 
by a Milky Way analog until z ^ 3. Wang et al. (12011 1 


showed that in the absence of a major merger, inside of 2 
kpc Milky Way-analog dark matter halos have accreted 
more than 75% of their z = 0 mass by z ^ 3. The Milky 
Way is not likely to have had a major merger in that in¬ 
terval, as its disk is quite old and its bulge appears to be 


(e.g., Aumer & Binnev 

2009 jSchonrich & Binnev 

2009 

Kormendy & Kennicutt 

|2U04| Howard et al.||20U9) 



does not change much since they likely entered the Milky 
Way’s dark matter halo suggests that their orbits should 
not have changed significantly. The impact of merger ac¬ 
tivity would be to cause the outward diffusion of stellar 
orbits anyway, so in that situation the orbits of our stars 
would have been even more tightly bound in the past. 
This would not qualitatively effect our interpretation of 
their abundances. 

The inside-out formation of the Milky Way suggests 
that in the inner few kpc of the Galaxy, abou t 10% 
of stars with [Fe/H] < —3.0 formed at z > 15 (Tum¬ 
linson 2010| . Another 20-40% of stars in the range 
—4.0 ^ [k'e/H] < —3.0 formed at 10 < z < 15. All 
three of our stars are currently in the inner Galaxy, while 
the kinematics of two of the three place them on tightly 
bound orbits. The probability P 15 that at least one of 
our stars formed at z > 15 is 1 minus the probability that 
none of them formed at z > 15: P 15 = 1 — 0.9^ « 0.3. 
Likewise, the probability Pio that at least one of our 
stars formed at z > 10 is Pio = 1 — 0.7^ « 0.7. In other 
words, there is 30% chance that at least one of these three 
stars formed at z > 15 and a 70% chance that at least 


one star formed at 10 < z < 15. If we apply the [Tumlin- 
(2010) analysis only to J155730-293922 and J183713- 


son 


314109, then P 15 « 0.2 and Pio « 0.5. Even though 
these stars are not the most metal-poor stars known, the 
combination of their low metallicity and tightly-bound 
orbits suggests that they may be among the most ancient 
stars with detailed chemical abundance measurements. 

In this scenario, our derived chemical abundances are 
indicative of the chemical abundances of the progenitor 
galaxies of the Milky Way during the epoch of the first 
galaxies. Generally, we find that our abundance ratios 
are near the mean of abundance distributions observed 


et al. 2013a Roederer et al. 2014). Si, Sc and Mn are 
exceptions though, which we discuss below. Based on 
four metal-poor bulge sta rs with —2.7 < [Fe/ H] < —2.5 
from the EMBLA survey, Howes et al. (2014) reached a 
similar conclusion: bulge metal-poor stars have a similar 
abundance pattern to halo metal-poor stars. They also 
noted large scatter in [Mg I/Fe] from —0.07 to -1-0.62 in 
just four stars, with one star overabundant in [Ti II/Fe] 
to the level of -1-0.84. We find very little variance in 
[Mg I/Fe], ranging from -1-0.46 to -1-0.57. None of our 
stars are overabundant in either [Ti I/Fe], [Ti II/Fe], or 
any other a-elements. In fact, we find that [Ti I/Fe] and 
[Ti II/Fe] are about 0.15 dex below the abundances of 
other a-elements. 

Our stars appear near the extremes of the silicon abun¬ 
dance dist ribution observed in halo metal-poor giant 
stars (e.g., IGayre l et al.||2004[ |Yong et al.||2013a| ||Iloed-j 
erer et al. 2014|). 'i'his is likely due to their low sur- 
tace g ravities and temperatures though. [Bonifacio et al.| 


(2009) found that giants exhibited higher [Si/Fe] abun¬ 
dance ratios than dwarfs by about 0.2 dex. Similarly, 
cool stars usually appear to have high silico n ([Preston et 
al.||2006||Lai et al.||2008||Yong et al.|2013a|). Given these 
two effects, the slightly higher ISi/Fel abur 


slightly higher [Si/lte] abundance ratios 
we find can most likely be attributed to a combination 
of low surface gravity and cool temperatures. Indeed, 
when we consider [Si/ Fe] in giant stars (log g < 3) in the 
Roederer et al. (2014) sample, our [Si/Fe] ratios lie near 
the mean for our temperature range. That is to say al¬ 
though our stars show relatively high [Si/Fe] ratios, the 
stars with high [Si/Fe] values in the comparison samples 
also usually have cooler temperatures. In short, [Si/Fe] 
appears to be strongly correlated with temperature. On 
the other hand, high silicon is consistent with the Galac¬ 
tic ch e mical enrichment model predictions of [Kobayashij 
et al. (2006). While we regard the former as the most 
likely explanation, we cannot rule out the latter idea that 
the high silicon we observe is representative of the z > 10 
interstellar medium. 

The [Mn I/Fe] abundance ratios we find are lower than 
what is observed in metal-poor giants in the halo. We use 
the same hyperfine structure data for Mn I as the refer¬ 
enced authors and derive abundances from common lines. 


Cayrel et al. (2004) and Roederer et al. (2010 2014) have 
noted that the Mn I resonance triplet at 403 nm yields 
systematically lower ab undances than other ne utral Mn 


lines. For that reason, Roederer et al. (2014|f 


empiri¬ 
cally corrected their Mn 1 triplet abundances qy about 
-|-0.3 d ex, which explains m ost of the discrepancy we ob¬ 
serve. [Yong et al. (2013a) made no corrections, and we 


still find our stars In the lower envelope of their [Mn I/Fe] 
distribution. The remaining difference in [Mn I/Fe] is 
probably attributable to our stars being at the tip of the 
giant branch. In halo metal-poor giant stars, many au¬ 
thors have noted a positive trend in the Tefi — [Mn/Fe] 


plane. In other words, lower [Mn/Fe 

] abundances are 

found in cooler giants (Preston et al. 

2006 

Yong et al. 

2013a Roederer et al.||2U14). 

All three stars have low scandium abundances, with 

[Sc II/Fe] < —0.5. Yong et al. 

(|2013a) found a tight 

abundance relation between [Ti 

11/H] and [Sc 11/H] in 


halo stars, which is suggestive of a common nucleosyn- 


in halo metal-poor giant stars (Gayrel et al. 2004 Yong 


^ Cayrel et al. (20041 made similar adjustments. 
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thetic environment. Figure shows that our stars devi¬ 
ate significantly from this rSation. Unlike Si I or Mn I, 
our low [Sc II/Fe] abundance ratios cannot be e a sily ex- 
plained by correlations with Teff. Yong et al. (2013a I 
found a slight slope {m = 0.05 ±0.06) m the relationship 
between Teg and [Sc II/Fe], such that cooler stars have 
lower [Sc II/Fe] abundance ratios. The typical range of 
[Sc II/Fe] they measure for cool stars is —0.10 to +0.50 
though. Our measurements are substantially below this 
range, with [Sc II/Fe] = —0.59 to —0.54. 

Scandium probably remains the most discrepant ele¬ 
ment between Galactic chemical evolution models and 
observations of metal-poor stars, as models typically 
under-pre dict Sc abundances by a factor of ten. For 


example, Kobayashi et al. (2006) predict constant 


[Sc/Fe] ~ — 1 lor metal-poor stars, roughly an order of 
magnitude lower than the observed values of [Sc/Fe] 
^ 0. The abundance ratios we find in the inner few 
kpc of the Galaxy bring our stars far closer to these pre¬ 
dictions. However, advances in modeling are required 
for both abundance measurements (e.g., non-LTE treat¬ 
ment, (3D) photospheres) and Galactic chemical evo¬ 
lution models. Departures from local thermodynamic 
equilibrium or 3D effects will alter the inferred Sc abun¬ 
dances, while increasing the a-rich freeze-out or delaying 
neutrino processes during explosive nucleosynthesis may 
be necessary to increase Sc yields in chemical evolution 
models (e.g., Frdhlich et al.|2006 Kobayashi et al.|2006 ). 

We searched the SAGA databas^ and the compila- 
tion of [Frebel (2010) for other Galactic giant stars with 
[Sc II/Fe] ^ --b.5. i'hat search returned three objects: 
BS 16929-005, HE 0533-5340, and HE 1207-3108. While 


BS 16929-005 was reported by Honda et al. (2004) to 
have [Sc II/Fe] = —0.53, that measurement did not take 
into account the hyperfine structure that is known to be 
important for scandium abund ance measurem ents (e.g., 
Proch aska fc McWilliam|2000 ). In comparison, Lai et al. 
12008) accounted for hyperhne structure in BS 16929- 
005 and found [Sc II/Fe] = —0.03. We regard t he lat¬ 
ter measurement as more reliable. Cohen et al. (201^ 


found 


Sc II/ Fe] = —0.56 for HE 0533-5340 and Yong 


et al. (2013a) found [Sc II/Fe] = -0.55 for HE rnTT 
Tim However, both HE 0533-5340 and HE 1207-3108 
are among the rare class of “iron-rich” metal-poor stars 
in which most [X/Fe] abundances are sub-solar. This is 
in contrast to typical metal-poor stars, which are usually 
enhanced in at least the a elements. The combination of 
low [Sc II/Fe] and a enhancement that we see in our three 
metal-poor giants in the bulge is unprecedented in any 
of the 381 metal-poor giant stars in the SAGA database 
with scandium abundance measurements. These three 
stars are therefore unlike any other known star in the 
Galaxy. 


We also searched Frebel] (2010) for metal-poor stars 
in dwarf galaxies with | Sc II/h'e| < —0.5. We found 

in Coma 
^3) and one 


two examples, one from Frebel et al. 
Bere nices (SPSS JI22657+ 2356Il/Goin^ 


(|20I0|) i 
LJBer-S3) 


from Shetrone et al. (2003) in Carina (Car 3). Car 3 is 
an “iron-rich” metal-poor star, so we do not consider it 
further. That leaves SPSS JI22657+2356II/ComBer-S3 
with [Sc II/Fe] = —0.57 as the only giant star known with 


a similar abundance pattern to our three metal-poor gi¬ 
ants in the bulge. Coma Berenices is an ultra-faint dwarf 
spheroidal (dSph) galaxy wit h a U-band absolute naag- 


nitude of only M y = —3.4 (Belokurov et al. 


Jong et al. 2008). It is also one of the most anciein 


2007 de 


galaxies known. Indeed, Brown et al. (2014) found a 
mean age of 13.9 ± 0.3 Gyr for Coma Berenices based 
on Hubble Space Telescope Advanced Camera for Sur¬ 
veys photometry of its resolved stellar population. That 
made it the oldest galaxy in their sample. The apparent 
chemical abundance similarity between the ancient dSph 
Coma Berenices and our three stars in the bulge supports 
both the conclusion that our three stars are among the 
most ancient stars in our Galaxy and the idea that low 
[Sc II/Fe] may be a chemical indicator of ancient stellar 
populations. 

Our detailed chemical abundance analysis has assumed 
that transition levels are in a state of LTE. It is well 
known that this assumption breaks down in the upper 
levels of stellar photospheres, where departures from LTE 
can significantly alter the inferred elemental abundance. 
The direction and magnitude of these abundance changes 
are dependent on stellar parameters, atomic number, ion¬ 
ization level, absorption depth (i.e., the strength of the 
transition), among other factors. Many authors have 
investigated the effects of abundance deviations due to 
LTE departures in well-studied metal-poor giant stars 
that are comparable to our program stars, like HD 122563 
.g., GTattOTieta]J|1999 Asphnidetalj2003 Mashon- 


kina 


_ 11 ^ 

et al.||2UU8| [Andrievsky et al.||2UIu| [Hansen et al. 

L For metal-poor giant stars like those analyzed 


® Described injSuda et al.|(|2008||201l|l andjYamada et al.|(|2013|l 
and available at http://saga, sci.Hbkudai.ac. jp/wiki/doku.php 


here, the abundance changes due to departures from LTE 
will be the largest for K I, Go I, and Mn I. The change 
in K I is significantly negativ^ Alog^K I « —0.15, 
such that in Figure^ we h ave ^own unco r rected (i.e., 
LTE) K I abundances from Roederer et al. (2014) for a 
fair comparison. Go I is expected to show the largest 
absolute change, with positive deviations up to about 
+0.65 dex. Similarly we can expect our Mn I abundances 
to increase by about +0.4 dex with the proper inclusion 
of LTE departure coefficients. However, these Mn I cor¬ 
rections would be of the same approximate order and 
direction for the halo comparison samples. Therefore we 
assert that the Mn I abundance ratios we find in metal- 
poor stars in the bulge would persist in the lower tail of 
[Mn I/Fe] abundance distribution observed in compara¬ 
ble halo stars. All other species examined here have ex¬ 
pected abundance deviations less than 0.2 dex, with the 
average magnitud e being about O.Idex ([Bergemann &| 
Nordlander 2014). We note that systematic abundance 
differences can also be expected due to surface granula¬ 
tion and convection, complex features which cannot be 
accounted for in our ID models. 

Our observations indirectly suggest that the progenitor 
galaxies of the Milky Way had reached [Fe/H] ^ —3.0 
with an abundance pattern comparable to metal-poor 
halo stars by z ~ 10. The chemical state of high-redshift 
galaxies can be measured directly by observations of 
metal-poor damped Lya systems (DLAs) in absorption 


® Deviations are described following standard nomenclature: 
ANLTE = logj(X)NLTE — logg(X)LTE- A ‘positive correction’ 
refers to a higher abundance after accounting for departures from 
LTE. 
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in the spectra of background quasars. Many authorj^ 
have measured the column densities and relative abun¬ 
dances of H, C, N, O, Al, Si, and Fe to z ~ 4. At higher 
redshift, C, O, M g, Si, and Fe have been measured in 


DLAs at z ~ 6 (jBecker et al.j 

2012 ). At z « 7, the 

abundances ot one system has b 

een bounded to be less 

than 1/1,000 solar ([Simcoe et al 

2012). Where [C/Fe], 

[U/b'eJ, and [yi/-b'ej have been measured in high-redshitt 


dances of the first galaxies (e.g., Kobayashi et al.pOOd ). 
For these reasons, the progenitor halos ot the Milky Way 
likely reached [Fe/H] ^ —3.0 by z ~ 10. Their chemical 
abundances were probably very similar to those observed 
in halo metal-poor stars with the possible exception of 
Sc, which we observe to be low in these ancient stars in 
the bulge. 


DLAs, it has been found that the average abundances 
are in good agreement with those observed in metal-poor 
stars: [C/Fe] « 0.15 ± 0.03, [0/Fe] « 0.40 ± 0.01, and 
[Si/Fe] « 0.37±0.01. Our stars in the bulge are likely an¬ 
cient and are well matched by the observed abundances 
in D LAs. Only 500 Myr passes between z ^ 10 and z ~ 6 
(e.g., |Wrightl200^ , so it seems plausible that the z ~ 10 
abundances as observed in our ancient stars (after cor¬ 
recting for log g and effects) are comparable to those 
directly observed at z ~ 6. 

5. CONCLUSIONS 

We have measured the detailed chemical abundances 
of the three metal-poor sta rs with [Fe/H] < —2.7 in th e 
bulge that we discovered in|Schlaufman & Casey|(|2014|). 
Two of these three stars are the most metal-poor stars 
in the bulge in the literature, while the third is compa¬ 
rab le to t he most metal-poor star identified in Flowes et 
al. (2014). We have carefully estimated the Gaiactocen- 
tric distances and orbits of all three stars. While we find 
that all three have dgc ^ 4kpc, only J155730-293922 and 
J183713-314109 can be securely placed on tightly-bound 
orbits. J181503-375120 may be a halo star on a very 
eccentric orbit that is only passing through the bulge. 
While UCAC4 and SPM4 proper motion measurements 
favor a very eccentric orbit, the orbit is so extreme that it 
may be more likely that there is an issue with the SPM 
blue plate that provides the first epoch astrometry for 
both catalogs. When combined with their metal-poor 
nature, their proximity to the center of the Galaxy and 
their tightly-bound orbits indicate that these stars may 
be some of the most ancient objects yet i dentif ied. We 
use the theoretical models of Tumlinson (2010) to esti¬ 
mate that there is a 30% chance that at least one of these 
stars formed at z > 15 and a 70% chance that at least 
one formed at 10 < z < 15. We therefore argue that 
the chemical abundances we observe in these metal-poor 
stars is representative of the chemical state of the inter¬ 
stellar medium in the progenitor galaxies of the Milky 
Way at z ^ 10. 

Compared to observations of metal-poor giant stars 
of similar effective temperatures found in the Galactic 
halo, we find similar [X/Fe] abundance ratios for most 
elements. However, we observe [Sc II/Fe] abundance ra¬ 
tios lower than reported in the halo by about 0.5 dex. 
Scandium remains the element with the largest discrep¬ 
ancy between what is observed in halo metal-poor stars 
and what is predicted from models of Galactic chemical 
evolution. Interestingly, when compared to the values 
observed in halo metal-poor stars, our [Sc II/Fe] abun¬ 
dances are closer to predictions for the chemical abun- 


a j200l 

1 2UUS I. lElIi son et al. 



(2UTn , andjijooke e: ai.j l|20ila|t)| 


^ fauubll . IPetiti^n et a l~ fauust.lRettmi et al. 
TzUiUt.lPenpr ase et al.IlzUiUblsnanand et al. 
i ai.lUOilalbll. 
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Figure 1. Continuum-normalized Magellan/MIKE spectra for the three metal-poor stars in the bulge along with the well-studied metal- 
poor giant HD 122563. The spectra are centered around the H-/3 line, highlighting the similarity between HD 122563 and our metal -poor 
stars i n the bulge. We indicate the stellar parameters Teff, logp, and [Fe/H] for each star, with the parameters for HD 122563 from|Jofre| 
|et al.lpoTil l. 
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Figure 2. Measured effective temperatures and surface gravities of metal-po or stars. We 
stars i n blue. For comparison, we plot halo s tars with [Fe/H 
l |2014[ | in light gray. We only plot stars from [Roederer et al.^ 


es oi metal-po or stars. We plot the locations oi our three b ulge metal-poor 
< —2 .0 from|Yong et al.| j2013a| in dark gray and from iRoederer et al.l 
l|2014|) where the surface gravity was derived from isochrones, the solid 
h isochrone. The Yong et al.| 201^ ^ sample d eviates from the displayed 


line IS a 12 Gyr, [Fe/H] = —2.5, and [a/Fe] = -t-U.4 Uartmou 
isochrone at the main sequence turn-off because |Yong et al.| (|2013a|| used the Y^ isochrones (Demarque et al.||2004|| to determine stellar 
parameters. Even though we measured our stellar parameters trom excitation and ionization balance, our stars are largely in agreement 
with isochrone-derived surface gravities in the comparison samples. 
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[Fe/H] 


Figure 3. Chemical abundances o f Li, C, odd-Z (Na. Ah K), and o-elements (Mg, Si, Ca, Ti) for metal-poor stars. W e plot our three 
bulge metal-poor stars in blue, the |Yong et al.| l |2013a[ | giant (i.e., log 5 ' < 3) comparison sample in dark gray, and the |Roederer et al.| 
(|2014|| giant sample in light gray. Measurements are indic ated by circles and upp er limits are shown as triangles. Typical uncertainties 
are given. We plot here the [K l/Fe] abundance ratios from [ Roederer et a l. ||201 4|| wi thout correcting for n on-LTE effects, such that they 
are comparable with our analysis. All other abundances fromfyong et all] (|:^0i;5a'|rand|Roederer et al.|(|2014|| shown here also assume LTE. 
Although the y-axis scale varies in each panel to accommodate the dynamic range of each abundance, ttie minor tick marks are spaced at 
0.25 dex in all panels. 
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Figure 4. Che mical abundances of Fe-peak and neutron-capture elements for metal-poor gian t stars . We plot our three bulge metal-poor 
stars in blue, the|Yong et al.| || 2013a[ | comparison sample in dark gray, and the |Roede rer et al.| ||2014[| sample in light gray. Measurements 
are indicated witA circles and upper limits are shown as triangles. Typical uncertainties are given. 
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Figure 5. Che mical abundances of Si I, Sc II, and Mn I with respect to Fe for metal-poor gian t stars . We plot our three bulge metal-poor 
stars in blue, the|Yong et al.| || 2013a[ | comparison sample in dark gray, and the |Roede rer et al.| ||2014 1 sample in light gray. Measurements 
are indicated witn circles and upper limits are shown as triangles. Typical uncertainties are given, while our abundances are generally in 
good agreement with those measured in halo metal-poor stars, we find that silicon, scandium, and manganese are all on the extremes of 
the halo distribution. 
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Figure 6 . Abundance ratios [Ti Il/H] versus [Sc Il/Hj. We plot our three bulge metal-poor stars in blue and the|Yong et al.| (|2013a|l 
comparison sample in dark gray. Typical uncertainties are given. Our stars in the bulge significantly deviate from this relation observed in 
the halo. 
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Table 1 

Bulge Extremely Metal-poor Star Positions and Photometry 


Object 

(2MASS) 

RA 

DEC 

1 

(deg) 

b 

(deg) 

V 

(mag) 

B-V 

(mag) 

J 

(mag) 

H 

(mag) 

Ks 

(mag) 

W1 

(mag) 

W2 

(mag) 

J155730.10-293922.7 

15:57:30.1 

-29:39:23 

344 

18 

13.15 

0.97 

11.13 

10.61 

10.50 

10.39 

10.40 

J181503.64-375120.7 

18:15:03.6 

-37:51:20 

355 

-10 

12.87 

1.01 

10.80 

10.29 

10.19 

10.12 

10.13 

J183713.28-314109.3 

18:37:13.2 

-31:41:09 

3 

-11 

12.47 

0.82 

10.65 

10.12 

10.04 

9.90 

9.90 
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Table 2 

Bulge Extremely Metal-poor Star Kinematic Observables 


Object 

"^hel 

COS 5^ 

,, 21 

Pi 

Ha COS 5'^ 


(2MASS) 

(km s“^) 

(mas yr“^) 

(mas yr“^) 

(mas yr“^) 

(mas yr“'^) 

J155730.10-293922.7 

134.0 ± 1.0 

1.5 ± 1.4 

5.9 ± 1.4 

-5.68 ± 2.24 

5.26 ± 2.10 

J181503.64-375120.7 

-77.8 ± 1.0 

-19.6 ± 2.1 

-2.9 ± 2.2 

-20.11 ± 3.37 

5.47 ± 3.21 

J183713.28-314109.3 

-199.0 ± 1.0 

-11.4 ± 1.7 

-2.5 ± 1.7 

-8.31 ± 3.18 

-7.04 ± 3.21 


UCAC4 proper motions 
SPM4 proper motions from Girard et al. (20111 
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Table 3 

Stellar Parameters of Bulge Extremely Metal-poor Stars. 


Object 

(2MASS) 

Teff 

(K) 

logs 
(cm s“^) 

[Fe/H] 

e 

(km s-i) 

J155730.10-293922.7 

4720 

1.12 

-3.02 

2.88 

J181503.64-375120.7 

4728 

1.09 

-2.84 

3.00 

J183713.28-314109.3 

4797 

0.99 

-2.70 

2.67 


Note. — We estimate the uncertainties in Tefj, logp, 
[Fe/H], and ^ to be 100K, 0.2dex, 0.1 dex, and 0.1km s“^. 
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Table 4 

Bulge Extremely Metal-poor Star Derived Properties 


Object 

rf© 

dgc 

fr- . ^ 

' pen 


e" 

r A 

' pen 

fap*" 

e*^ 

(2MASS) 

(kpc) 

(kpc) 

(kpc) 

(kpc) 


(kpc) 

(kpc) 


J155730.10-293922.7 

9.81^;° 

SAtU 

2 Q+3-3 

1 + 
30-6.8 

0 747+0.137 
O-‘ + ^-0.243 

1 7+3.1 

3-'-1.0 

'-7 q+22 

' *0-3.2 

0.682l°;l®l 

J181503.64-375120.7 

9.0111 

3.2tli 

r\ 1 +1.9 
^•-*--0.50 

4Qnn+3600 

+yuu_3gQQ 

0 QQQ+0 000 

u.yi:;y_o.oo3 

^•-*--0.57 

c;4r)r)+4000 

O^UU_4200 

0 QQQ+0 000 

u.yyy-0.002 

J183713.28-314109.3 



i-slll 

qq+3400 

00_72 

0.979lg:;^l 

1 4+2.6 

3*^-0.87 

1 -7+210 

3 ' -12 

n SfiQ+0-093 

U.OOO_0.201 


Using UCAC4 proper motions. 
Using SPM4 proper motions. 
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Table 5 

Measured Equivalent Widths and Abundances of Bulge Extremely 
Metal-poor Stars. 


Wavelength 

(A) 

Species 

X 

(eV) 

logfl/ 

J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

~EW 

(mA) 

log,X 

5889.95 

Nal 

0.00 

+0.11 

157.8 

3.40 

170.4 

3.52 

182.7 

3.96 

5895.92 

Nal 

0.00 

-0.19 

139.0 

3.39 

144.0 

3.41 

158.2 

3.87 

3829.36 

Mg I 

2.71 

-0.21 

156.0 

5.21 

169.6 

5.32 



3832.30 

Mg I 

2.71 

+0.27 

191.9 

5.13 



197.3 

5.30 

3838.29 

Mg I 

2.72 

+0.49 

220.0 

5.13 



229.1 

5.33 

3986.75 

Mg I 

4.35 

-1.03 

22.9 

5.22 

40.8 

5.59 

32.7 

5.46 

4057.51 

Mg I 

4.35 

-0.89 



34.5 

5.31 

39.1 

5.43 

4167.27 

Mg I 

4.35 

-0.71 

41.6 

5.24 

55.8 

5.47 

45.2 

5.34 

4571.10 

Mg I 

0.00 

-5.69 

53.0 

5.09 

72.4 

5.36 

53.8 

5.24 

4702.99 

Mg I 

4.33 

-0.38 

57.7 

5.03 

73.6 

5.25 

68.1 

5.25 

5172.68 

Mg I 

2.71 

-0.45 

180.9 

5.01 

198.3 

5.17 

194.8 

5.37 

5183.60 

Mg I 

2.72 

-0.24 

202.0 

5.06 

216.6 

5.17 

221.1 

5.44 

5528.40 

Mg I 

4.34 

-0.50 

60.3 

5.10 

77.7 

5.33 

77.4 

5.42 

3961.52 

All 

0.01 

-0.34 

106.5 

2.73 

126.6 

3.07 

126.6 

3.27 

3905.52 

Si I 

1.91 

-1.09 

182.2 

5.30 

211.0 

5.53 

189.9 

5.52 

7664.90 

K I 

0.00 

+0.14 

43.0 

2.54 

59.4 

2.77 



7698.96 

K I 

0.00 

-0.17 

38.1 

2.77 

56.0 

3.03 

43.5 

2.94 

4226.73 

Cal 

0.00 

+0.24 

183.4 

3.57 

212.1 

3.82 

205.8 

3.98 

4283.01 

Cal 

1.89 

-0.22 

47.2 

3.78 

59.9 

3.98 

63.4 

4.13 

4318.65 

Cal 

1.89 

-0.21 

43.1 

3.69 

57.2 

3.91 

41.9 

3.73 

4425.44 

Cal 

1.88 

-0.36 

39.0 

3.73 

52.6 

3.95 

43.6 

3.87 

4435.69 

Cal 

1.89 

-0.52 

32.7 

3.78 

43.1 

3.96 

47.4 

4.11 

4454.78 

Cal 

1.90 

+0.26 

68.5 

3.62 

84.5 

3.86 

82.8 

3.97 

4455.89 

Cal 

1.90 

-0.53 

30.4 

3.75 

39.7 

3.92 

39.6 

3.99 

5262.24 

Cal 

2.52 

-0.47 



28.2 

4.27 

28.8 

4.34 

5265.56 

Cal 

2.52 

-0.26 

25.2 

4.00 

37.6 

4.24 

38.9 

4.32 

5349.47 

Cal 

2.71 

-0.31 

11.4 

3.85 

17.1 

4.06 

17.9 

4.13 

5581.97 

Cal 

2.52 

-0.56 





21.5 

4.24 

5588.76 

Cal 

2.52 

+0.21 

34.6 

3.69 

45.7 

3.87 

52.3 

4.05 

5590.12 

Cal 

2.52 

-0.57 



18.2 

4.11 

16.9 

4.12 

5594.47 

Cal 

2.52 

+0.10 

27.0 

3.65 

40.4 

3.89 

41.9 

3.99 

5598.49 

Cal 

2.52 

-0.09 



31.4 

3.93 

34.7 

4.05 

5601.28 

Cal 

2.53 

-0.52 



14.4 

3.95 



5857.45 

Cal 

2.93 

+0.23 

16.2 

3.71 

23.7 

3.92 

25.8 

4.01 

6102.72 

Cal 

1.88 

-0.79 

24.2 

3.69 

38.3 

3.95 

43.7 

4.12 

6122.22 

Cal 

1.89 

-0.32 

58.6 

3.80 

67.2 

3.91 

73.5 

4.11 

6162.17 

Cal 

1.90 

-0.09 

68.4 

3.72 

75.6 

3.81 

79.5 

3.98 

6169.06 

Cal 

2.52 

-0.80 

5.2 

3.70 

12.7 

4.13 

12.0 

4.15 

6169.56 

Cal 

2.53 

-0.48 

11.9 

3.78 

17.0 

3.96 

18.8 

4.07 

6439.07 

Cal 

2.52 

+0.47 

45.1 

3.55 

58.0 

3.73 

59.5 

3.84 

6449.81 

Cal 

2.52 

-0.50 



20.4 

4.05 

17.2 

4.02 

4246.82^ 

Sc II 

0.32 

+0.24 


-0.70 


-0.50 


-0.15 

4314.08^ 

Sc II 

0.62 

-0.10 


-0.50 


-0.10 


0.00 

4325.00^ 

Sc II 

0.59 

-0.44 


-0.40 


-0.10 


0.00 

4400.39^ 

Sc II 

0.61 

-0.54 


-0.40 


-0.30 


-0.15 

4415.54^ 

Sc II 

0.59 

-0.67 


-0.25 


-0.25 


-0.15 

5031.0U 

Sc II 

1.36 

-0.40 






-0.35 

5526.78^ 

Sc II 

1.77 

+0.02 


-0.50 


-0.30 


-0.10 

5657.9U 

Sc II 

1.51 

-0.60 




-0.05 


0.00 

3904.78 

Ti I 

0.90 

+0.03 

20.7 

2.45 





3989.76 

Ti I 

0.02 

-0.06 

57.3 

2.16 

65.9 

2.30 

67.7 

2.48 

3998.64 

Ti I 

0.05 

+0.01 

59.7 

2.18 

63.9 

2.23 

69.6 

2.48 

4008.93 

Ti I 

0.02 

-1.02 

21.8 

2.44 

20.5 

2.41 

22.2 

2.55 

4512.73 

Ti I 

0.84 

-0.42 



11.6 

2.39 

12.0 

2.49 

4518.02 

Ti I 

0.83 

-0.27 

9.4 

2.11 

21.1 

2.53 



4533.25 

Ti I 

0.85 

+0.53 

38.6 

2.09 

47.2 

2.23 

49.2 

2.38 

4534.78 

Ti I 

0.84 

+0.34 

32.8 

2.17 

38.3 

2.27 

43.3 

2.45 

4535.57 

Ti I 

0.83 

+0.12 

22.0 

2.15 

32.8 

2.38 

32.4 

2.47 

4544.69 

Ti I 

0.82 

-0.52 





12.9 

2.60 

4548.76 

Ti I 

0.83 

-0.30 

12.5 

2.28 

16.5 

2.42 

17.2 

2.53 

4555.49 

Ti I 

0.85 

-0.43 





12.1 

2.51 
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Wavelength 

(A) 

Species 

X 

(eV) 

logfl/ 

J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

4656.47 

Ti I 

0.00 

-1.29 

11.7 

2.22 

18.5 

2.45 

16.6 

2.50 

4681.91 

Ti I 

0.05 

-1.01 

20.9 

2.28 

27.9 

2.45 

23.2 

2.46 

4840.87 

Ti I 

0.90 

-0.45 

11.6 

2.43 

8.8 

2.31 

11.2 

2.51 

4981.73 

Ti 1 

0.84 

+0.56 

39.4 

1.99 

60.1 

2.30 

57.1 

2.38 

4991.07 

Ti 1 

0.84 

+0.44 

44.1 

2.18 

51.4 

2.29 

53.4 

2.44 

4999.50 

Ti 1 

0.83 

+0.31 

33.7 

2.12 

46.8 

2.34 

48.6 

2.48 

5007.21 

Ti 1 

0.82 

+0.17 

38.6 

2.33 

48.7 

2.49 

59.6 

2.78 

5014.28 

Ti 1 

0.81 

+0.11 





43.5 

2.57 

5016.16 

Ti 1 

0.85 

-0.52 

16.1 

2.58 





5020.02 

Ti 1 

0.84 

-0.36 

10.5 

2.20 

19.3 

2.51 

23.5 

2.70 

5024.84 

Ti I 

0.82 

-0.55 

16.7 

2.59 





5036.46 

Ti 1 

1.44 

+0.19 



17.3 

2.62 

7.5 

2.29 

5039.96 

Ti 1 

0.02 

-1.13 

17.8 

2.23 

21.7 

2.34 

24.6 

2.52 

5064.65 

Ti 1 

0.05 

-0.94 

26.2 

2.28 

36.3 

2.47 

40.4 

2.66 

5173.74 

Ti 1 

0.00 

-1.06 

19.7 

2.17 

29.9 

2.41 

20.7 

2.32 

5192.97 

Ti 1 

0.02 

-0.95 

28.3 

2.28 

29.5 

2.31 

24.6 

2.32 

5210.39 

Ti 1 

0.05 

-0.83 

25.5 

2.14 

36.4 

2.35 

30.3 

2.36 

3759.29 

Ti II 

0.61 

+0.28 

183.9 

2.30 





3761.32 

Ti II 

0.57 

+0.18 

185.0 

2.36 





3813.39 

Ti II 

0.61 

-2.02 

89.4 

2.74 

89.7 

2.67 

93.1 

2.84 

3882.29 

Ti II 

1.12 

-1.71 

44.6 

2.16 

61.3 

2.42 

61.9 

2.47 

3913.46 

Ti II 

1.12 

-0.42 

109.5 

2.13 

130.9 

2.46 



4012.40 

Ti II 

0.57 

-1.75 

96.3 

2.40 

91.7 

2.24 

111.4 

2.76 

4025.12 

Ti II 

0.61 

-1.98 

70.7 

2.18 

82.2 

2.34 

84.8 

2.48 

4028.34 

Ti II 

1.89 

-0.96 

41.9 

2.24 

46.7 

2.30 

55.6 

2.46 

4053.83 

Ti II 

1.89 

-1.21 

31.1 

2.27 

36.6 

2.36 

41.4 

2.46 

4161.53 

Ti II 

1.08 

-2.16 

34.7 

2.28 

40.3 

2.36 

51.6 

2.58 

4163.63 

Ti II 

2.59 

-0.40 

32.2 

2.29 

39.7 

2.41 

47.9 

2.56 

4184.31 

Ti II 

1.08 

-2.51 

22.0 

2.36 

29.7 

2.52 

33.0 

2.60 

4290.22 

Ti II 

1.16 

-0.93 

93.2 

2.09 

111.7 

2.35 



4300.05 

Ti II 

1.18 

-0.49 

106.6 

1.92 

122.0 

2.12 

124.2 

2.33 

4330.72 

Ti II 

1.18 

-2.06 

30.6 

2.18 

38.8 

2.32 

45.3 

2.45 

4337.91 

Ti II 

1.08 

-0.96 

98.6 

2.09 

100.6 

2.07 

112.6 

2.41 

4394.06 

Ti II 

1.22 

-1.78 

48.0 

2.23 

52.6 

2.29 

60.7 

2.45 

4395.03 

Ti II 

1.08 

-0.54 

115.4 

1.96 

127.3 

2.10 

131.5 

2.34 

4395.84 

Ti II 

1.24 

-1.93 

34.3 

2.18 

44.3 

2.33 

50.9 

2.46 

4398.29 

Ti II 

1.21 

-2.65 

8.6 

2.14 



15.0 

2.41 

4399.77 

Ti II 

1.24 

-1.19 

76.5 

2.11 

86.0 

2.21 

93.2 

2.44 

4409.52 

Ti II 

1.23 

-2.37 

19.6 

2.29 

17.0 

2.21 

22.3 

2.36 

4417.71 

Ti II 

1.17 

-1.19 

80.0 

2.07 

89.7 

2.19 

93.6 

2.35 

4418.33 

Ti II 

1.24 

-1.97 

31.8 

2.17 

41.1 

2.31 

45.0 

2.40 

4441.73 

Ti II 

1.18 

-2.41 

21.6 

2.31 

31.2 

2.51 

37.4 

2.64 

4443.80 

Ti II 

1.08 

-0.72 

104.4 

1.91 

111.9 

1.97 

122.1 

2.32 

4444.55 

Ti II 

1.12 

-2.24 

27.6 

2.20 

36.2 

2.35 

48.3 

2.57 

4450.48 

Ti II 

1.08 

-1.52 

72.1 

2.15 

80.9 

2.25 

90.7 

2.51 

4464.45 

Ti II 

1.16 

-1.81 

50.5 

2.21 

55.5 

2.27 

64.2 

2.43 

4468.52 

Ti II 

1.13 

-0.60 

108.9 

1.92 

117.7 

2.00 

128.4 

2.36 

4470.85 

Ti II 

1.17 

-2.02 

33.5 

2.15 

39.6 

2.24 

49.3 

2.43 

4488.34 

Ti II 

3.12 

-0.82 





11.3 

2.68 

4493.52 

Ti II 

1.08 

-3.02 

12.1 

2.50 

20.0 

2.75 

18.7 

2.72 

4501.27 

Ti II 

1.12 

-0.77 

105.1 

2.00 

106.3 

1.94 

117.3 

2.29 

4529.48 

Ti II 

1.57 

-2.03 

32.2 

2.61 

32.5 

2.61 

43.4 

2.81 

4533.96 

Ti II 

1.24 

-0.53 

109.3 

1.97 

109.5 

1.91 

125.9 

2.35 

4545.14 

Ti II 

1.13 

-1.81 

18.9 

1.56 



26.6 

1.75 

4563.77 

Ti II 

1.22 

-0.96 

97.6 

2.16 

101.9 

2.17 

113.7 

2.50 

4571.97 

Ti II 

1.57 

-0.32 

92.8 

1.86 

100.8 

1.94 

114.6 

2.30 

4583.41 

Ti II 

1.16 

-2.92 



13.3 

2.52 

16.2 

2.63 

4589.91 

Ti II 

1.24 

-1.79 

54.5 

2.32 

63.8 

2.43 

70.7 

2.58 

4636.32 

Ti II 

1.16 

-3.02 



9.6 

2.46 



4657.20 

Ti II 

1.24 

-2.24 

20.7 

2.15 

29.8 

2.34 

33.0 

2.42 

4708.66 

Ti II 

1.24 

-2.34 

22.2 

2.28 

26.6 

2.37 

32.7 

2.51 

4779.98 

Ti II 

2.05 

-1.37 

20.2 

2.23 

28.9 

2.42 

34.1 

2.52 

4798.53 

Ti II 

1.08 

-2.68 

18.5 

2.32 

22.5 

2.41 

30.6 

2.60 
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Wavelength 

(A) 

Species 

X 

(eV) 


J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

logfl/ 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

4805.09 

Ti II 

2.06 

-1.10 

35.8 

2.29 

41.5 

2.37 

51.7 

2.55 

4865.61 

Ti II 

1.12 

-2.81 

15.9 

2.41 

19.6 

2.51 

17.9 

2.48 

4911.18 

Ti II 

3.12 

-0.34 





13.2 

2.22 

5129.16 

Ti II 

1.89 

-1.24 

27.4 

2.03 

43.9 

2.30 

47.5 

2.37 

5185.90 

Ti II 

1.89 

-1.49 

26.8 

2.26 

34.0 

2.38 

35.3 

2.42 

5188.69 

Ti II 

1.58 

-1.05 

72.7 

2.14 

83.3 

2.26 

83.5 

2.33 

5226.54 

Ti II 

1.57 

-1.26 

55.6 

2.10 

66.0 

2.22 

67.2 

2.29 

5336.79 

Ti II 

1.58 

-1.59 

41.7 

2.22 

46.7 

2.29 

52.1 

2.39 

5381.02 

Ti II 

1.57 

-1.92 

20.3 

2.13 

35.5 

2.43 

38.0 

2.49 

5418.77 

Ti II 

1.58 

-2.00 

19.6 

2.20 

18.8 

2.17 

29.4 

2.42 

4379.24^ 

VI 

2.10 

-2.71 


0.46 


0.58 


0.68 

3916.41 

VII 

1.43 

-1.05 

19.0 

1.21 

24.5 

1.34 

25.3 

1.36 

3951.96 

VII 

1.48 

-0.78 

28.4 

1.22 

38.3 

1.39 

31.8 

1.28 

4005.71 

VII 

1.82 

-0.52 



32.5 

1.42 

35.0 

1.47 

4023.38 

VII 

1.80 

-0.69 

17.2 

1.21 

22.4 

1.34 

27.7 

1.46 

4035.62 

VII 

1.79 

-0.77 



41.5 

1.78 



3908.76 

CrI 

1.00 

-1.00 





19.6 

2.83 

4254.33 

CrI 

0.00 

-0.11 

98.1 

2.04 

99.1 

1.99 

107.7 

2.41 

4274.80 

CrI 

0.00 

-0.22 

93.6 

2.05 

101.2 

2.13 

109.9 

2.56 

4289.72 

CrI 

0.00 

-0.37 

85.6 

2.03 

99.7 

2.25 

107.8 

2.66 

4337.57 

CrI 

0.97 

-1.11 



24.9 

2.85 



4545.95 

CrI 

0.94 

-1.37 





11.4 

2.72 

4580.06 

CrI 

0.94 

-1.65 



15.7 

3.06 



4600.75 

CrI 

1.00 

-1.26 



11.1 

2.57 



4616.14 

CrI 

0.98 

-1.19 

15.9 

2.64 

13.5 

2.57 

14.5 

2.69 

4626.19 

CrI 

0.97 

-1.32 



17.2 

2.81 



4646.15 

CrI 

1.03 

-0.74 

23.0 

2.44 

29.2 

2.58 

33.4 

2.75 

4651.28 

CrI 

0.98 

-1.46 



8.7 

2.62 

6.3 

2.56 

4652.16 

CrI 

1.00 

-1.03 

16.0 

2.50 

18.3 

2.58 

23.3 

2.80 

5206.04 

CrI 

0.94 

+0.02 

67.9 

2.24 

80.4 

2.40 

85.1 

2.65 

5208.42 

CrI 

0.94 

+0.16 

90.4 

2.45 

96.9 

2.52 



5247.56 

CrI 

0.96 

-1.64 





8.4 

2.78 

5296.69 

CrI 

0.98 

-1.36 

8.6 

2.43 

11.0 

2.56 

12.6 

2.71 

5298.28 

CrI 

0.98 

-1.14 



22.5 

2.69 

24.2 

2.82 

5345.80 

CrI 

1.00 

-0.95 

16.3 

2.35 

31.4 

2.70 

24.7 

2.67 

5348.31 

CrI 

1.00 

-1.21 

22.5 

2.77 

12.0 

2.46 

12.6 

2.58 

5409.77 

CrI 

1.03 

-0.67 

25.0 

2.32 

34.3 

2.50 

40.0 

2.70 

4558.59 

Cr II 

4.07 

-0.66 

10.7 

2.74 

16.3 

2.94 

24.4 

3.12 

4588.14 

Cr II 

4.07 

-0.83 

9.2 

2.83 

14.0 

3.02 

17.2 

3.09 

4030.75^ 

Mn I 

0.00 

-0.48 


1.51 


1.68 


1.93 

4033.06^ 

Mn I 

0.00 

-0.62 


1.36 


1.63 


1.88 

4034.48^ 

Mn I 

0.00 

-0.81 


1.46 


1.63 


1.78 

4041.36^ 

Mn I 

2.11 

+0.28 


1.66 


1.88 


2.18 

3689.46 

Fe I 

2.94 

-0.17 



57.6 

4.60 

54.1 

4.62 

3753.61 

Fe I 

2.18 

-0.89 

58.9 

4.43 

60.9 

4.42 

65.6 

4.65 

3765.54 

Fe I 

3.24 

+0.48 

65.7 

4.49 

70.7 

4.54 

75.7 

4.79 

3786.68 

Fe I 

1.01 

-2.19 



82.9 

4.74 

82.5 

4.91 

3805.34 

Fe I 

3.30 

+0.31 

58.2 

4.53 

61.4 

4.56 

63.4 

4.70 

3839.26 

Fe I 

3.05 

-0.33 

50.8 

4.68 

55.3 

4.74 

42.9 

4.58 

3845.17 

Fe I 

2.42 

-1.39 

28.0 

4.51 



33.8 

4.71 

3846.80 

Fe I 

3.25 

-0.02 

40.9 

4.40 

60.5 

4.77 

46.4 

4.57 

3850.82 

Fe I 

0.99 

-1.75 



104.6 

4.71 



3852.57 

Fe I 

2.18 

-1.18 

56.3 

4.59 

63.9 

4.70 

65.8 

4.88 

3863.74 

Fe I 

2.69 

-1.43 

19.6 

4.66 

28.2 

4.87 

34.5 

5.08 

3867.22 

Fe I 

3.02 

-0.45 

27.8 

4.28 

43.8 

4.60 

55.5 

4.91 

3885.51 

Fe I 

2.42 

-1.09 

41.6 

4.48 

38.9 

4.42 

42.1 

4.56 

3887.05 

Fe I 

0.91 

-1.14 

110.7 

4.20 





3902.95 

Fe I 

1.56 

-0.44 

117.4 

4.45 

119.5 

4.38 



3917.18 

Fe I 

0.99 

-2.15 

79.3 

4.55 

93.6 

4.79 

96.5 

5.07 

3940.88 

Fe I 

0.96 

-2.60 

49.8 

4.35 

69.8 

4.69 

67.6 

4.81 

3949.95 

Fe I 

2.18 

-1.25 

59.3 

4.66 

69.9 

4.83 

61.6 

4.79 

3977.74 

Fe I 

2.20 

-1.12 

66.1 

4.67 

67.4 

4.66 

63.8 

4.72 

4001.66 

Fe I 

2.18 

-1.90 

21.5 

4.53 

31.9 

4.76 

27.2 

4.74 
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Wavelength 

(A) 

Species x 

(eV) 


J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

logfl/ “ 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

4005.24 

Fe I 

1.56 

-0.58 

112.8 

4.37 

118.9 

4.40 



4007.27 

Fe I 

2.76 

-1.28 

19.5 

4.54 

26.5 

4.71 

27.3 

4.80 

4014.53 

Fe I 

3.05 

-0.59 





64.4 

5.20 

4021.87 

Fe I 

2.76 

-0.73 

39.7 

4.43 

47.1 

4.56 

55.2 

4.80 

4032.63 

Fe I 

1.49 

-2.38 

26.9 

4.30 

48.8 

4.70 

49.4 

4.83 

4044.61 

Fe I 

2.83 

-1.22 

18.2 

4.52 

26.3 

4.72 

28.3 

4.84 

4058.22 

Fe I 

3.21 

-1.11 



19.4 

4.89 

16.6 

4.86 

4062.44 

Fe I 

2.85 

-0.86 

34.3 

4.55 

37.3 

4.60 

42.1 

4.77 

4067.27 

Fe I 

2.56 

-1.42 

24.2 

4.55 

38.9 

4.84 

36.0 

4.87 

4067.98 

Fe I 

3.21 

-0.47 

28.5 

4.47 

38.1 

4.65 

36.5 

4.69 

4070.77 

Fe I 

3.24 

-0.79 

14.8 

4.45 

18.6 

4.58 

23.8 

4.77 

4073.76 

Fe I 

3.27 

-0.90 



21.2 

4.79 

26.7 

4.98 

4076.63 

Fe I 

3.21 

-0.37 

41.4 

4.62 

52.9 

4.81 

52.5 

4.90 

4079.84 

Fe I 

2.86 

-1.36 

10.7 

4.41 

19.3 

4.72 

21.0 

4.83 

4095.97 

Fe I 

2.59 

-1.48 

16.0 

4.41 

25.2 

4.66 

29.9 

4.84 

4098.18 

Fe I 

3.24 

-0.88 

18.8 

4.66 

23.5 

4.79 

23.4 

4.84 

4109.80 

Fe I 

2.85 

-0.94 

29.7 

4.52 

42.1 

4.76 

34.0 

4.68 

4114.44 

Fe I 

2.83 

-1.30 

13.0 

4.40 

24.0 

4.73 

22.3 

4.76 

4120.21 

Fe I 

2.99 

-1.27 

19.8 

4.78 

22.1 

4.84 

27.2 

5.03 

4121.80 

Fe I 

2.83 

-1.45 



28.6 

4.98 

24.3 

4.95 

4132.06 

Fe I 

1.61 

-0.68 

115.3 

4.48 

119.8 

4.47 



4132.90 

Fe I 

2.85 

-1.01 

28.8 

4.56 

41.4 

4.80 

40.5 

4.87 

4134.68 

Fe I 

2.83 

-0.65 

39.9 

4.40 

56.2 

4.68 

54.4 

4.74 

4137.00 

Fe I 

3.42 

-0.45 

17.9 

4.41 

22.2 

4.52 

26.1 

4.68 

4139.93 

Fe I 

0.99 

-3.63 

12.1 

4.49 

25.8 

4.89 

18.5 

4.81 

4143.41 

Fe I 

3.05 

-0.20 

52.6 

4.44 



65.5 

4.77 

4143.87 

Fe I 

1.56 

-0.51 

117.4 

4.28 

120.4 

4.25 

130.5 

4.72 

4147.67 

Fe I 

1.48 

-2.07 

55.9 

4.47 

65.6 

4.62 

70.7 

4.86 

4152.17 

Fe I 

0.96 

-3.23 

34.6 

4.62 

48.1 

4.86 

45.5 

4.94 

4153.90 

Fe I 

3.40 

-0.32 

29.4 

4.53 

37.4 

4.69 

41.5 

4.84 

4154.50 

Fe I 

2.83 

-0.69 

43.5 

4.50 

50.8 

4.62 

49.1 

4.68 

4154.81 

Fe I 

3.37 

-0.40 

25.9 

4.50 

38.0 

4.74 

31.7 

4.69 

4156.80 

Fe I 

2.83 

-0.81 

43.6 

4.62 

45.4 

4.64 

47.7 

4.77 

4157.78 

Fe I 

3.42 

-0.40 

20.2 

4.42 

33.2 

4.71 

35.7 

4.83 

4158.79 

Fe I 

3.43 

-0.67 

12.4 

4.44 

16.1 

4.58 

18.7 

4.71 

4174.91 

Fe I 

0.91 

-2.94 

55.1 

4.63 

68.5 

4.83 

58.9 

4.81 

4175.64 

Fe I 

2.85 

-0.83 

32.1 

4.44 

48.8 

4.74 

43.9 

4.74 

4181.76 

Fe I 

2.83 

-0.37 

54.6 

4.37 

65.4 

4.53 

70.9 

4.77 

4182.38 

Fe I 

3.02 

-1.18 

12.1 

4.45 

16.0 

4.60 

20.2 

4.79 

4184.89 

Fe I 

2.83 

-0.87 

34.0 

4.49 

39.7 

4.60 

36.7 

4.62 

4187.04 

Fe I 

2.45 

-0.51 

75.2 

4.43 

82.7 

4.52 

83.6 

4.71 

4187.80 

Fe I 

2.42 

-0.51 

74.4 

4.37 

87.1 

4.57 

86.7 

4.74 

4191.43 

Fe I 

2.47 

-0.67 

65.9 

4.43 

72.9 

4.53 

77.8 

4.76 

4195.33 

Fe I 

3.33 

-0.49 

27.9 

4.58 

41.0 

4.83 

33.5 

4.76 

4196.21 

Fe I 

3.40 

-0.70 

18.4 

4.63 



18.8 

4.71 

4199.10 

Fe I 

3.05 

+0.16 

62.3 

4.23 

74.4 

4.43 

74.9 

4.57 

4202.03 

Fe I 

1.49 

-0.69 

113.6 

4.25 

121.7 

4.33 

124.3 

4.64 

4216.18 

Fe I 

0.00 

-3.36 

96.9 

4.69 

99.8 

4.68 

97.5 

4.87 

4217.55 

Fe I 

3.43 

-0.48 

24.7 

4.61 

30.6 

4.73 

28.9 

4.76 

4222.21 

Fe I 

2.45 

-0.91 

47.3 

4.31 

61.6 

4.53 

64.9 

4.72 

4227.43 

Fe I 

3.33 

+0.27 

66.7 

4.54 

82.8 

4.80 

91.2 

5.13 

4233.60 

Fe I 

2.48 

-0.58 

67.2 

4.36 

74.6 

4.46 

78.8 

4.69 

4238.81 

Fe I 

3.40 

-0.23 

30.7 

4.45 

41.7 

4.65 

41.9 

4.73 

4247.43 

Fe I 

3.37 

-0.24 

39.5 

4.59 

56.0 

4.87 

56.5 

4.97 

4250.12 

Fe I 

2.47 

-0.38 

77.0 

4.32 

86.9 

4.47 

88.4 

4.68 

4250.79 

Fe I 

1.56 

-0.71 

105.9 

4.15 

116.9 

4.29 

121.0 

4.64 

4260.47 

Fe I 

2.40 

+0.08 

105.8 

4.37 

108.1 

4.33 

120.0 

4.81 

4271.15 

Fe I 

2.45 

-0.34 



103.0 

4.71 

99.1 

4.83 

4282.40 

Fe I 

2.18 

-0.78 

72.3 

4.27 

81.0 

4.40 

88.0 

4.71 

4337.05 

Fe I 

1.56 

-1.70 

80.0 

4.56 

85.1 

4.60 

86.2 

4.82 

4352.73 

Fe I 

2.22 

-1.29 

58.7 

4.57 

70.7 

4.74 

62.8 

4.74 

4375.93 

Fe I 

0.00 

-3.00 

110.3 

4.51 



116.3 

4.83 

4388.41 

Fe I 

3.60 

-0.68 



12.3 

4.61 

19.6 

4.90 
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Wavelength 

(A) 

Species 

X 

(eV) 

logfl/ 

J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

4404.75 

Fe I 

1.56 

-0.15 

136.4 

4.13 





4407.71 

Fe I 

2.18 

-1.97 

34.7 

4.77 

45.7 

4.96 

45.4 

5.06 

4415.12 

Fe I 

1.61 

-0.62 

112.2 

4.15 

121.3 

4.25 

123.2 

4.55 

4422.57 

Fe I 

2.85 

-1.11 

31.0 

4.64 

34.4 

4.70 

41.8 

4.92 

4427.31 

Fe I 

0.05 

-2.92 

102.2 

4.30 

118.9 

4.57 

115.4 

4.76 

4430.61 

Fe I 

2.22 

-1.66 

28.7 

4.39 

46.1 

4.70 

45.7 

4.80 

4442.34 

Fe I 

2.20 

-1.23 

54.1 

4.38 

67.0 

4.57 

70.3 

4.76 

4443.19 

Fe I 

2.86 

-1.04 

21.4 

4.36 

33.1 

4.62 

35.3 

4.74 

4447.72 

Fe I 

2.22 

-1.34 

45.2 

4.37 

65.4 

4.67 

57.1 

4.67 

4454.38 

Fe I 

2.83 

-1.30 

15.4 

4.42 

19.9 

4.55 



4459.12 

Fe I 

2.18 

-1.28 

63.3 

4.55 

82.2 

4.85 

81.3 

4.99 

4461.65 

Fe I 

0.09 

-3.19 

95.0 

4.47 

105.6 

4.60 

100.9 

4.75 

4466.55 

Fe I 

2.83 

-0.60 

60.6 

4.61 

69.2 

4.73 

70.9 

4.88 

4476.02 

Fe I 

2.85 

-0.82 

49.6 

4.67 

55.6 

4.75 

62.1 

4.97 

4484.22 

Fe I 

3.60 

-0.86 

10.0 

4.67 

10.0 

4.67 

20.5 

5.09 

4489.74 

Fe I 

0.12 

-3.90 

60.0 

4.60 

73.8 

4.79 



4494.56 

Fe I 

2.20 

-1.14 

60.0 

4.37 

78.8 

4.65 

79.6 

4.83 

4528.61 

Fe I 

2.18 

-0.82 

77.5 

4.32 



96.9 

4.82 

4531.15 

Fe I 

1.48 

-2.10 

58.7 

4.43 

70.0 

4.59 

68.5 

4.71 

4592.65 

Fe I 

1.56 

-2.46 

43.4 

4.63 

53.9 

4.79 

55.8 

4.94 

4602.94 

Fe I 

1.49 

-2.21 

58.7 

4.53 

67.7 

4.65 

65.9 

4.77 

4630.12 

Fe I 

2.28 

-2.59 



10.4 

4.84 

13.2 

5.03 

4632.91 

Fe I 

1.61 

-2.91 

18.1 

4.62 

19.9 

4.67 

21.4 

4.81 

4647.43 

Fe I 

2.95 

-1.35 

14.8 

4.55 

19.3 

4.70 

18.8 

4.76 

4678.85 

Fe I 

3.60 

-0.83 



16.3 

4.85 

19.1 

5.00 

4691.41 

Fe I 

2.99 

-1.52 



18.1 

4.87 

20.0 

5.00 

4707.27 

Fe I 

3.24 

-1.08 

16.0 

4.66 

25.1 

4.90 

23.7 

4.94 

4710.28 

Fe I 

3.02 

-1.61 

9.4 

4.67 

19.0 

5.02 

14.7 

4.96 

4733.59 

Fe I 

1.49 

-2.99 

20.1 

4.59 

28.4 

4.78 

27.5 

4.87 

4736.77 

Fe I 

3.21 

-0.75 

23.5 

4.49 

35.0 

4.72 

39.8 

4.89 

4786.81 

Fe I 

3.00 

-1.61 





13.7 

4.89 

4789.65 

Fe I 

3.53 

-0.96 





9.8 

4.70 

4859.74 

Fe I 

2.88 

-0.76 

52.2 

4.61 

56.6 

4.67 

62.1 

4.87 

4871.32 

Fe I 

2.87 

-0.36 

59.1 

4.30 

69.5 

4.44 

70.8 

4.59 

4872.14 

Fe I 

2.88 

-0.57 

47.3 

4.34 

57.7 

4.49 

66.2 

4.74 

4890.76 

Fe I 

2.88 

-0.39 

54.9 

4.28 

66.3 

4.44 

72.7 

4.67 

4891.49 

Fe I 

2.85 

-0.11 

72.1 

4.23 

81.1 

4.35 

85.7 

4.58 

4903.31 

Fe I 

2.88 

-0.93 

29.6 

4.39 

34.8 

4.49 

44.9 

4.75 

4918.99 

Fe I 

2.85 

-0.34 

63.5 

4.32 



71.3 

4.54 

4920.50 

Fe I 

2.83 

+0.07 

85.2 

4.23 

92.3 

4.31 

96.3 

4.56 

4924.77 

Fe I 

2.28 

-2.11 



23.5 

4.72 

19.4 

4.71 

4938.81 

Fe I 

2.88 

-1.08 

26.8 

4.48 

36.8 

4.67 

35.9 

4.73 

4939.69 

Fe I 

0.86 

-3.25 

40.9 

4.46 

52.7 

4.65 

49.5 

4.73 

4946.39 

Fe I 

3.37 

-1.17 



15.8 

4.87 

14.5 

4.89 

4966.09 

Fe I 

3.33 

-0.87 

17.1 

4.55 

31.5 

4.89 

25.8 

4.85 

4973.10 

Fe I 

3.96 

-0.95 



12.8 

5.24 



4994.13 

Fe I 

0.92 

-2.97 

62.0 

4.57 

62.8 

4.57 

55.3 

4.60 

5001.87 

Fe I 

3.88 

+0.05 

22.8 

4.43 

22.0 

4.42 

23.3 

4.51 

5006.12 

Fe I 

2.83 

-0.61 

48.6 

4.32 

58.1 

4.46 



5012.07 

Fe I 

0.86 

-2.64 

75.6 

4.36 

97.2 

4.67 

94.4 

4.84 

5022.24 

Fe I 

3.98 

-0.53 





8.7 

4.70 

5041.07 

Fe I 

0.96 

-3.09 

62.8 

4.74 

71.1 

4.85 

67.8 

4.96 

5041.76 

Fe I 

1.49 

-2.20 

63.4 

4.51 

81.3 

4.75 

83.4 

4.96 

5049.82 

Fe I 

2.28 

-1.35 

45.9 

4.35 

66.2 

4.65 

48.8 

4.50 

5051.63 

Fe I 

0.92 

-2.76 

73.8 

4.52 

88.4 

4.71 

76.3 

4.71 

5060.08 

Fe I 

0.00 

-5.46 



17.4 

5.14 



5068.77 

Fe I 

2.94 

-1.04 

26.4 

4.48 

30.2 

4.56 

30.4 

4.65 

5074.75 

Fe I 

4.22 

-0.20 



19.4 

4.99 

16.5 

4.96 

5079.22 

Fe I 

2.20 

-2.10 

23.4 

4.59 

27.4 

4.68 

31.3 

4.85 

5079.74 

Fe I 

0.99 

-3.25 

33.3 

4.47 

56.6 

4.84 

50.2 

4.88 

5083.34 

Fe I 

0.96 

-2.84 

55.6 

4.38 

68.7 

4.56 

68.7 

4.71 

5090.77 

Fe I 

4.26 

-0.36 





9.6 

4.90 

5098.70 

Fe I 

2.18 

-2.03 

37.1 

4.76 



39.8 

4.91 
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Wavelength 

(A) 

Species x 

(eV) 

logfl/ " 

J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

5110.41 

Fe I 

0.00 

-3.76 

87.0 

4.57 

95.0 

4.67 

95.9 

4.91 

5123.72 

Fe I 

1.01 

-3.06 

57.9 

4.68 

63.5 

4.76 

64.3 

4.92 

5125.12 

Fe I 

4.22 

-0.14 



13.7 

4.75 

22.0 

5.05 

5127.36 

Fe I 

0.92 

-3.25 

48.4 

4.62 

58.1 

4.76 

54.2 

4.85 

5131.47 

Fe I 

2.22 

-2.52 

9.7 

4.58 

11.1 

4.66 

26.3 

5.19 

5133.69 

Fe I 

4.18 

+0.14 



30.1 

4.84 

33.1 

4.96 

5137.38 

Fe I 

4.18 

-0.40 



9.1 

4.77 

12.8 

4.98 

5141.74 

Fe I 

2.42 

-2.24 

13.2 

4.69 



18.0 

4.94 

5142.93 

Fe I 

0.96 

-3.08 

54.0 

4.59 

65.1 

4.74 

62.5 

4.85 

5150.84 

Fe I 

0.99 

-3.04 

41.2 

4.39 

55.7 

4.60 

55.4 

4.74 

5151.91 

Fe I 

1.01 

-3.32 

28.4 

4.47 



41.8 

4.83 

5162.27 

Fe I 

4.18 

+0.02 

20.8 

4.75 

27.9 

4.91 

25.9 

4.93 

5166.28 

Fe I 

0.00 

-4.12 

60.0 

4.53 

69.0 

4.65 

71.8 

4.86 

5171.60 

Fe I 

1.49 

-1.72 



99.7 

4.53 

94.7 

4.65 

5191.45 

Fe I 

3.04 

-0.55 

38.3 

4.32 

48.5 

4.48 

53.5 

4.66 

5192.34 

Fe I 

3.00 

-0.42 

51.8 

4.36 

53.3 

4.38 

61.2 

4.61 

5194.94 

Fe I 

1.56 

-2.02 

68.1 

4.45 

78.6 

4.59 

73.1 

4.66 

5198.71 

Fe I 

2.22 

-2.09 

18.1 

4.45 



24.5 

4.71 

5202.34 

Fe I 

2.18 

-1.87 

31.8 

4.49 

50.9 

4.80 

47.2 

4.85 

5216.27 

Fe I 

1.61 

-2.08 

54.8 

4.38 

71.1 

4.60 

77.2 

4.84 

5217.39 

Fe I 

3.21 

-1.16 



22.7 

4.83 

21.9 

4.88 

5225.53 

Fe I 

0.11 

-4.75 

26.5 

4.75 

31.5 

4.86 

23.0 

4.82 

5232.94 

Fe I 

2.94 

-0.06 

75.6 

4.28 

79.4 

4.31 

82.6 

4.52 

5242.49 

Fe I 

3.63 

-0.97 





10.7 

4.82 

5247.05 

Fe I 

0.09 

-4.95 

14.5 

4.61 

23.2 

4.86 

14.8 

4.76 

5250.21 

Fe I 

0.12 

-4.94 

19.5 

4.79 

23.6 

4.90 

14.8 

4.78 

5250.65 

Fe I 

2.20 

-2.18 

27.5 

4.74 

36.3 

4.90 

39.4 

5.05 

5254.96 

Fe I 

0.11 

-4.76 



43.8 

5.06 

31.1 

4.99 

5263.31 

Fe I 

3.27 

-0.88 



26.9 

4.71 

26.6 

4.78 

5266.56 

Fe I 

3.00 

-0.39 

51.7 

4.32 

65.7 

4.52 

65.6 

4.64 

5269.54 

Fe I 

0.86 

-1.33 

142.6 

4.17 

152.4 

4.25 

153.9 

4.59 

5281.79 

Fe I 

3.04 

-0.83 

28.1 

4.40 

35.8 

4.55 

39.5 

4.70 

5283.62 

Fe I 

3.24 

-0.52 

38.9 

4.53 



45.7 

4.73 

5302.30 

Fe I 

3.28 

-0.72 

19.2 

4.37 

30.8 

4.63 

31.3 

4.72 

5307.36 

Fe I 

1.61 

-2.91 

16.2 

4.47 

32.2 

4.85 

21.0 

4.71 

5324.18 

Fe I 

3.21 

-0.10 

52.9 

4.29 

63.9 

4.44 

57.8 

4.46 

5328.04 

Fe I 

0.92 

-1.47 

133.8 

4.20 

146.1 

4.33 

142.2 

4.56 

5328.53 

Fe I 

1.56 

-1.85 

80.3 

4.44 

91.7 

4.59 

92.5 

4.79 

5332.90 

Fe I 

1.55 

-2.78 



37.7 

4.73 

32.5 

4.75 

5339.93 

Fe I 

3.27 

-0.72 

24.6 

4.49 

37.5 

4.74 

37.5 

4.82 

5364.87 

Fe I 

4.45 

+0.23 



7.6 

4.35 

20.3 

4.88 

5367.47 

Fe I 

4.42 

+0.44 

22.1 

4.63 

21.1 

4.61 

25.6 

4.77 

5369.96 

Fe I 

4.37 

+0.54 

16.7 

4.33 



25.4 

4.60 

5371.49 

Fe I 

0.96 

-1.64 

133.0 

4.39 

137.7 

4.39 



5383.37 

Fe I 

4.31 

+0.65 

30.5 

4.47 

35.3 

4.56 

39.2 

4.70 

5393.17 

Fe I 

3.24 

-0.91 

26.0 

4.67 

32.0 

4.79 

34.6 

4.91 

5397.13 

Fe I 

0.92 

-1.98 

114.0 

4.32 

126.4 

4.48 

122.9 

4.69 

5405.77 

Fe I 

0.99 

-1.85 

118.6 

4.36 

121.3 

4.34 

122.4 

4.63 

5410.91 

Fe I 

4.47 

+0.40 

17.6 

4.60 

21.8 

4.72 



5415.20 

Fe I 

4.39 

+0.64 

22.6 

4.40 

26.4 

4.49 

32.8 

4.68 

5424.07 

Fe I 

4.32 

+0.52 

31.2 

4.62 

30.9 

4.62 

38.6 

4.82 

5429.70 

Fe I 

0.96 

-1.88 

116.8 

4.31 

128.0 

4.45 

123.2 

4.64 

5434.52 

Fe I 

1.01 

-2.13 

103.6 

4.40 

109.7 

4.46 

117.8 

4.84 

5446.92 

Fe I 

0.99 

-1.91 

112.5 

4.30 

130.0 

4.54 

131.6 

4.85 

5455.61 

Fe I 

1.01 

-2.09 

119.4 

4.63 

117.0 

4.52 

131.1 

5.04 

5497.52 

Fe I 

1.01 

-2.83 

63.7 

4.49 



76.1 

4.81 

5501.47 

Fe I 

0.96 

-3.05 

59.3 

4.58 

70.2 

4.73 

68.2 

4.85 

5506.78 

Fe I 

0.99 

-2.79 

72.4 

4.54 

81.6 

4.66 



5569.62 

Fe I 

3.42 

-0.54 

24.3 

4.46 

37.9 

4.72 

34.0 

4.73 

5572.84 

Fe I 

3.40 

-0.28 

38.9 

4.46 

42.5 

4.51 

44.0 

4.62 

5576.09 

Fe I 

3.43 

-1.00 

13.1 

4.62 



24.1 

5.00 

5586.76 

Fe I 

3.37 

-0.14 

40.7 

4.31 

52.3 

4.48 

56.7 

4.64 

5615.64 

Fe I 

3.33 

+0.05 

57.8 

4.33 

63.8 

4.40 

68.1 

4.58 
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Wavelength 

(A) 

Species 

X 

(eV) 

logfl/ 

J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

5624.54 

Fe I 

3.42 

-0.76 

18.9 

4.54 

18.2 

4.53 

25.0 

4.77 

5658.82 

Fe I 

3.40 

-0.79 

16.0 

4.46 

27.7 

4.76 

27.1 

4.82 

5701.54 

Fe I 

2.56 

-2.14 



13.2 

4.72 

13.9 

4.82 

5753.12 

Fe I 

4.26 

-0.69 





10.1 

5.20 

6065.48 

Fe I 

2.61 

-1.41 

32.5 

4.49 

34.6 

4.53 

37.7 

4.67 

6136.61 

Fe I 

2.45 

-1.41 

40.8 

4.43 

54.4 

4.63 

50.7 

4.69 

6137.69 

Fe I 

2.59 

-1.35 

30.8 

4.36 

44.5 

4.59 



6191.56 

Fe I 

2.43 

-1.42 

36.6 

4.34 

53.2 

4.59 

52.8 

4.70 

6213.43 

Fe I 

2.22 

-2.48 





20.2 

4.91 

6219.28 

Fe I 

2.20 

-2.45 

16.7 

4.66 

25.2 

4.88 

26.1 

5.00 

6230.72 

Fe I 

2.56 

-1.28 

42.4 

4.45 

55.3 

4.64 

54.7 

4.74 

6246.32 

Fe I 

3.60 

-0.88 

14.1 

4.68 

8.4 

4.45 

17.3 

4.86 

6252.56 

Fe I 

2.40 

-1.69 

33.2 

4.51 

38.7 

4.61 

41.8 

4.76 

6254.26 

Fe I 

2.28 

-2.44 

17.1 

4.76 

17.1 

4.76 

19.5 

4.92 

6265.13 

Fe I 

2.18 

-2.54 

14.7 

4.66 

17.9 

4.77 

15.3 

4.78 

6297.79 

Fe I 

2.22 

-2.64 



33.8 

5.26 



6301.50 

Fe I 

3.65 

-0.72 



16.1 

4.65 

24.5 

4.94 

6322.68 

Fe I 

2.59 

-2.47 





13.7 

5.14 

6335.33 

Fe I 

2.20 

-2.18 

25.2 

4.60 

22.9 

4.55 

25.0 

4.70 

6336.84 

Fe I 

3.69 

-1.05 



10.5 

4.82 

11.2 

4.92 

6355.03 

Fe I 

2.84 

-2.29 





9.7 

5.09 

6393.60 

Fe I 

2.43 

-1.58 

35.9 

4.47 

52.4 

4.72 

46.0 

4.74 

6400.00 

Fe I 

3.60 

-0.29 

30.1 

4.49 

27.8 

4.45 

38.3 

4.71 

6411.65 

Fe I 

3.65 

-0.59 

13.1 

4.41 

10.9 

4.33 

22.4 

4.76 

6421.35 

Fe I 

2.28 

-2.01 

24.2 

4.49 

33.1 

4.67 

35.4 

4.81 

6430.85 

Fe I 

2.18 

-1.95 

31.8 

4.47 

41.9 

4.64 

40.3 

4.72 

6494.98 

Fe I 

2.40 

-1.24 

55.4 

4.39 

74.0 

4.63 



6498.94 

Fe I 

0.96 

-4.70 





8.9 

5.21 

6592.91 

Fe I 

2.73 

-1.47 

20.4 

4.40 

33.8 

4.68 

27.4 

4.65 

6593.87 

Fe I 

2.44 

-2.37 

9.1 

4.55 

11.0 

4.65 

16.6 

4.94 

6663.44 

Fe I 

2.42 

-2.48 

12.6 

4.79 

13.3 

4.82 

14.4 

4.95 

6677.99 

Fe I 

2.69 

-1.42 

24.8 

4.40 

38.9 

4.66 

40.8 

4.79 

6750.15 

Fe I 

2.42 

-2.58 



8.6 

4.71 



6978.85 

Fe I 

2.48 

-2.45 



8.7 

4.65 

20.1 

5.14 

4122.67 

Fe II 

2.58 

-3.38 



35.6 

5.23 

40.7 

5.32 

4128.75 

Fe II 

2.58 

-3.47 





10.5 

4.64 

4178.86 

Fe II 

2.58 

-2.51 

36.0 

4.37 

51.2 

4.62 

62.4 

4.82 

4233.17 

Fe II 

2.58 

-1.97 

71.8 

4.43 

77.9 

4.50 

89.4 

4.78 

4416.82 

Fe II 

2.78 

-2.60 

30.3 

4.54 

31.2 

4.54 

37.6 

4.65 

4489.19 

Fe II 

2.83 

-2.97 

14.6 

4.56 

15.1 

4.56 

19.6 

4.68 

4491.41 

Fe II 

2.86 

-2.71 

19.3 

4.48 

23.1 

4.56 

30.4 

4.70 

4508.28 

Fe II 

2.86 

-2.58 

33.7 

4.66 

40.3 

4.76 

50.0 

4.92 

4515.34 

Fe II 

2.84 

-2.60 

32.3 

4.63 

38.5 

4.72 

43.9 

4.81 

4520.22 

Fe II 

2.81 

-2.60 

31.5 

4.58 

40.2 

4.72 

40.7 

4.72 

4522.63 

Fe II 

2.84 

-2.25 

53.2 

4.63 

57.6 

4.68 

78.1 

5.05 

4541.52 

Fe II 

2.86 

-3.05 



23.4 

4.90 

23.9 

4.89 

4555.89 

Fe II 

2.83 

-2.40 

33.9 

4.44 

48.6 

4.67 

53.3 

4.75 

4576.34 

Fe II 

2.84 

-2.95 



19.3 

4.67 

21.7 

4.71 

4583.84 

Fe II 

2.81 

-1.93 

66.0 

4.46 

71.4 

4.51 

83.5 

4.77 

4620.52 

Fe II 

2.83 

-3.21 



13.8 

4.74 

13.6 

4.71 

4731.44 

Fe II 

2.89 

-3.36 





19.3 

5.10 

4923.93 

Fe II 

2.89 

-1.32 

85.8 

4.19 

88.0 

4.18 

105.5 

4.55 

5018.45 

Fe II 

2.89 

-1.22 

100.5 

4.32 

99.3 

4.23 

122.6 

4.76 

5197.58 

Fe II 

3.23 

-2.22 

29.6 

4.57 

28.5 

4.53 

39.5 

4.72 

5234.63 

Fe II 

3.22 

-2.18 

26.9 

4.46 

32.0 

4.54 

43.7 

4.74 

5276.00 

Fe II 

3.20 

-2.01 

32.9 

4.38 

39.8 

4.48 

53.4 

4.69 

5284.08 

Fe II 

2.89 

-3.19 





18.8 

4.85 

5534.83 

Fe II 

3.25 

-2.93 

5.6 

4.44 

22.6 

5.11 

14.5 

4.86 

6247.55 

Fe II 

3.89 

-2.51 



9.5 

4.97 

8.4 

4.88 

6456.38 

Fe II 

3.90 

-2.08 





14.8 

4.73 

3845.47^ 

Col 

0.92 

+0.01 


1.72 


1.54 


2.24 

3873.12^ 

Col 

0.43 

-0.66 


1.97 


2.38 


2.39 

3881.87^ 

Col 

0.58 

-1.13 


1.92 


2.04 


2.29 
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Wavelength 

(A) 

Species 

X 

(eV) 

logfl/ 

J155730- 

-293922 

J181503- 

-375120 

J183713- 

-314109 

EW 

(mA) 

log,N 

EW 

(mA) 

log,X 

EW 

(mA) 

log,X 

3995.3C 

Col 

0.92 

-0.22 


1.57 


1.79 


1.89 

4020.90^ 

Col 

0.43 

-2.07 


1.92 


2.19 


2.29 

4110.53^ 

Col 

1.05 

-1.08 


1.72 


1.69 


1.99 

4118.77^ 

Col 

1.05 

-0.49 


1.72 


1.94 


2.09 

4121.32^ 

Col 

0.92 

-0.32 


1.72 


1.89 


1.99 

3597.71 

Nil 

0.21 

-1.11 

103.6 

3.35 





3783.52 

Nil 

0.42 

-1.42 

104.3 

3.55 

124.6 

3.91 



3807.14 

Nil 

0.42 

-1.22 

91.8 

3.03 

109.0 

3.33 

113.7 

3.68 

3858.30 

Nil 

0.42 

-0.95 

117.3 

3.30 

115.8 

3.15 

122.2 

3.55 

4648.66 

Nil 

3.42 

-0.16 



13.1 

3.57 

15.7 

3.72 

4714.42 

Nil 

3.38 

+0.23 

14.7 

3.18 

28.1 

3.52 

33.1 

3.69 

4855.41 

Nil 

3.54 

+0.00 





13.7 

3.60 

4904.41 

Nil 

3.54 

-0.17 





12.0 

3.70 

4980.16 

Nil 

3.61 

-0.11 



7.8 

3.45 

19.7 

3.97 

5017.59 

Nil 

3.54 

-0.08 



20.4 

3.81 



5035.37 

Nil 

3.63 

+0.29 





18.9 

3.56 

5080.52 

Nil 

3.65 

+0.13 



20.2 

3.72 

24.0 

3.87 

5081.11 

Nil 

3.85 

+0.30 



17.1 

3.69 

14.3 

3.66 

5084.08 

Nil 

3.68 

+0.03 



16.2 

3.74 

11.4 

3.62 

5137.07 

Nil 

1.68 

-1.99 



28.0 

3.66 

32.4 

3.84 

5476.90 

Nil 

1.83 

-0.89 



69.9 

3.34 

77.5 

3.59 

5578.73 

Nil 

1.68 

-2.64 





6.6 

3.64 

5754.68 

Nil 

1.94 

-2.33 





11.0 

3.86 

6643.64 

Nil 

1.68 

-2.30 

10.3 

3.33 



18.7 

3.72 

6767.77 

Nil 

1.83 

-2.17 

8.5 

3.28 

13.5 

3.51 

20.3 

3.81 

5105.54^ 

Cul 

1.39 

-1.52 


0.92 


:0.84 


0.99 

4722.15 

Zn I 

4.03 

-0.39 



12.7 

2.00 

17.4 

2.19 

4810.53 

Zn I 

4.08 

-0.14 

14.5 

1.87 

19.2 

2.01 

19.2 

2.04 

4077.71 

Sr II 

0.00 

+0.15 

149.9 

-0.50 

159.9 

-0.44 

155.3 

-0.30 

4215.52 

Sr II 

0.00 

-0.18 

137.2 

-0.52 

151.5 

-0.37 

138.7 

-0.39 

4883.69 

YII 

1.08 

+0.07 

12.6 

-1.19 

20.0 

-0.96 

20.2 

-0.94 

5087.43 

YII 

1.08 

-0.17 

8.4 

-1.17 

12.8 

-0.97 

13.4 

-0.93 

4554.03^ 

Ba II 

0.00 

+0.16 


-1.44 


-1.82 


-1.02 

4934.09^ 

Ba II 

0.00 

-0.16 


-1.24 


-1.91 


-1.12 

4809.0“* 

La II 

0.24 



-0.92 


-0.65 


-0.80 

6645.C 

Eu II 

1.38 

0.20 


-2.00 


-1.83 


-1.68 


Note. — The colon symbol for Cu I in J181503.64—375120.7 indicates high uncertainty in this measurement. See text for 
details. 

^ Abundance determined by synthesis with relevant hyperfine and/or isotopic splitting data included where appropriate. See 
text for details. 
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Table 6 

Chemical Abundances of Bulge Extremely Metal-poor Stars. 


Species 

N 

log. (X) 

[X/H] 

[X/Fe] 

felines 

2MASS J155730.10-293922.7 

Li I 

1 

-bO.25 

-0.80 

+2.22 


C (CH) 

1 

-b5.41 

-3.02 

+0.00 


Nal 

2 

-b3.40 

-2.85 

+0.18 

<0.01 

Mg I 

10 

-b5.12 

-2.48 

+0.54 

0.08 

All 

1 

-b2.73 

-3.72 

-0.70 


Si I 

1 

-b5.29 

-2.22 

+0.81 


KI 

2 

-b2.66 

-2.38 

+0.65 

0.11 

Cal 

18 

-b3.73 

-2.61 

+0.41 

0.10 

Sc II 

6 

-0.46 

-3.61 

-0.59 

0.14 

Til 

24 

-b2.25 

-2.70 

+0.32 

0.15 

Ti II 

52 

-b2.19 

-2.76 

+0.26 

0.19 

VI 

1 

-bO.46 

-3.47 

-0.45 


CrI 

12 

-b2.35 

-3.28 

-0.26 

0.23 

Cr II 

2 

-b2.79 

-2.85 

+0.17 

0.04 

Mn I 

4 

-bl.50 

-3.93 

-0.91 

0.11 

Fe I 

201 

-b4.48 

-3.02 

+0.00 

0.14 

Fe II 

17 

-b4.48 

-3.02 

+0.00 

0.12 

Col 

8 

-bl.78 

-3.21 

-0.19 

0.13 

Nil 

7 

-b3.29 

-2.93 

+0.09 

0.15 

Cul 

1 

<-b0.92 

< -3.27 

< -0.25 


Zn I 

1 

-bl.87 

-2.69 

+0.33 


Sr II 

2 

-0.51 

-3.38 

-0.36 

0.01 

YII 

2 

-1.18 

-3.39 

-0.37 

0.01 

Ball 

2 

-1.34 

-3.52 

-0.50 

0.10 

La II 

1 

< -0.92 

< -2.02 

< +1.00 


Eu II 

1 

< -2.00 

< -2.52 

< +0.50 



2MASS J181503.64-375120.7 


Li I 

1 

+0.40 

-0.65 

+2.19 


C (CH) 

1 

+5.74 

-2.69 

+0.15 


Nal 

2 

+3.46 

-2.78 

+0.07 

0.05 

Mg I 

9 

+5.33 

-2.27 

+0.57 

0.13 

All 

1 

+3.07 

-3.38 

-0.54 


Si I 

1 

+5.52 

-1.98 

+0.86 


KI 

2 

+2.90 

-2.13 

+0.71 

0.13 

Cal 

23 

+3.96 

-2.38 

+0.47 

0.13 

Sc II 

7 

-0.23 

-3.38 

-0.54 

0.15 

Ti I 

23 

+2.38 

-2.57 

+0.28 

0.10 

Ti II 

50 

+2.31 

-2.64 

+0.20 

0.18 

VI 

1 

+0.58 

-3.35 

-0.51 


CrI 

18 

+2.55 

-3.09 

-0.25 

0.25 

Cr II 

2 

+2.98 

-2.66 

+0.18 

0.04 

Mn I 

4 

+1.71 

-3.71 

-0.87 

0.10 

Fe I 

216 

+4.66 

-2.84 

+0.00 

0.17 

Fe II 

22 

+4.66 

-2.84 

+0.00 

0.24 

Col 

8 

+1.93 

-3.06 

-0.21 

0.25 

Nil 

13 

+3.57 

-2.65 

+0.19 

0.21 

Cul 

1 

:+0.84 

:-3.35 

:-0.51 


Zn I 

2 

+2.00 

-2.55 

+0.29 

<0.01 

Sr II 

2 

-0.41 

-3.28 

-0.43 

0.04 

YII 

2 

-0.96 

-3.17 

-0.33 

0.01 

Ball 

2 

-1.86 

-4.04 

-1.20 

0.05 

La II 

1 

< -0.65 

< -1.75 

< +1.09 


Eu II 

1 

< -1.83 

< -2.35 

< +0.49 



2MASS J183713.28-314109.3 


Li I 

1 

+0.10 

-0.95 

+1.75 


C (CH) 

1 

+5.12 

-3.31 

-0.61 


Nal 

2 

+3.92 

-2.33 

+0.37 

0.04 

Mg I 

10 

+5.36 

-2.24 

+0.46 

0.08 

All 

1 

+3.27 

-3.18 

-0.48 


Si I 

1 

+5.52 

-1.99 

+0.71 
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Table 6 — Continued 


Species 

N 

log. (X) 

[X/H] 

[X/Fe] 

^lines 

KI 

1 

+2.94 

-2.09 

+0.61 


Cal 

23 

+4.06 

-2.28 

+0.42 

0.14 

Sc II 

8 

-0.11 

-3.26 

-0.56 

0.11 

Til 

25 

+2.49 

-2.46 

+0.24 

0.11 

Ti II 

51 

+2.46 

-2.49 

+0.21 

0.17 

VI 

1 

+0.68 

-3.25 

-0.55 


CrI 

16 

+2.68 

-2.96 

-0.26 

0.11 

Cr II 

2 

+3.10 

-2.53 

+0.16 

0.02 

Mn I 

4 

+1.94 

-3.49 

-0.79 

0.14 

Fe I 

225 

+4.80 

-2.70 

+0.00 

0.14 

Fe II 

26 

+4.80 

-2.70 

-0.00 

0.16 

Col 

8 

+2.15 

-2.84 

-0.15 

0.17 

Nil 

17 

+3.71 

-2.51 

+0.19 

0.12 

Cul 

1 

<+0.99 

< -3.20 

< -0.50 


Zn I 

2 

+2.12 

-2.44 

+0.25 

0.07 

Sr II 

2 

-0.34 

-3.21 

-0.52 

0.05 

YII 

2 

-0.94 

-3.15 

-0.45 

<0.01 

Ball 

2 

-1.07 

-3.25 

-0.55 

0.05 

La II 

1 

< -0.80 

< -1.90 

< +0.80 


Eu I 

1 

< -1.68 

< -2.20 

< +0.50 



Note. — The colon symbol for Cu I in J181503.64—375120.7 indicates high uncertainty in this measurement. See text for 
details. 
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Table 7 

Systematic, Random, and Total Chemical Abundance Uncertainties of Bulge 
Extremely Metal-poor Stars. 


Species ([X/H]) 


Systematic Uncertainty 


Random Uncertainty 

Total Uncertainty 

Teff + 100 K 
Aabund. (dex) 

log g 0.20 dex 
Aabund. (dex) 

^ + 0.10km s"-" 
Aabund. (dex) 

[M/H] + 0.10 dex 
Aabund. (dex) 

max(0.10, cTiines )/VN 
(dex) 

^total 

(dex) 

2MASS J155730.10-293922.7 

Na I 

-bO.15 

-0.02 

-0.04 

-0.01 

0.07 

0.17 

Mg I 

-bO.08 

-0.08 

-0.02 

-0.01 

0.03 

0.12 

A1 I 

-b0.04 

-0.11 

-0.05 

-0.02 

0.10 

0.16 

Si I 

-b0.08 

-0.09 

-0.03 

-0.01 

0.07 

0.14 

K I 

-b0.09 

-0.01 

-0.01 

+0.00 

0.08 

0.12 

Ca I 

-bO.06 

-0.03 

-0.01 

-0.00 

0.02 

0.07 

Sc H 

-bO.06 

+0.04 

-0.01 

+0.00 

0.04 

0.08 

Ti I 

-bO.lO 

-0.04 

-0.01 

-0.00 

0.03 

0.11 

Ti H 

-b0.04 

+0.03 

-0.02 

-0.00 

0.03 

0.06 

V I 

-b0.09 

-0.04 

-0.01 

-0.01 

0.10 

0.14 

V H 

-b0.02 

+0.03 

-0.00 

+0.00 

0.06 

0.07 

Cr I 

-bO.lO 

-0.04 

-0.02 

-0.00 

0.07 

0.12 

Cr II 

-0.01 

+0.05 

+0.00 

+0.00 

0.07 

0.09 

Mn I 

-b0.08 

-0.08 

-0.04 

-0.01 

0.07 

0.14 

Fe I 

-b0.08 

-0.04 

-0.01 

-0.00 

0.01 

0.09 

Fe H 

-bO.Ol 

+0.05 

-0.01 

+0.00 

0.03 

0.06 

Co I 

-b0.09 

-0.07 

-0.02 

-0.01 

0.06 

0.13 

Ni I 

-b0.07 

-0.08 

-0.04 

-0.01 

0.06 

0.13 

Zn I 

-b0.04 

+0.01 

+0.00 

+0.00 

0.10 

0.11 

Sr H 

-b0.08 

+0.01 

-0.07 

-0.01 

0.07 

0.13 

Y H 

-b0.05 

+0.05 

+0.00 

+0.00 

0.07 

0.10 

Ba II 

-bO.lO 

+0.04 

-0.03 

-0.00 

0.06 

0.13 

2MASS J181503.64-375120.7 

Na I 

-b0.14 

-0.04 

-0.04 

-0.01 

0.07 

0.17 

Mg I 

-bO.06 

-0.07 

-0.02 

-0.01 

0.04 

0.11 

A1 I 

-b0.04 

-0.14 

-0.06 

-0.03 

0.10 

0.19 

Si I 

-b0.09 

-0.11 

-0.03 

-0.01 

0.07 

0.16 

K I 

-b0.09 

-0.01 

-0.01 

+0.00 

0.09 

0.13 

Ca I 

-bO.06 

-0.03 

-0.01 

-0.00 

0.03 

0.07 

Sc H 

-b0.05 

+0.03 

-0.02 

-0.00 

0.07 

0.10 

Ti I 

-bO.lO 

-0.03 

-0.01 

-0.00 

0.02 

0.11 

Ti H 

-b0.04 

+0.03 

-0.02 

-0.00 

0.03 

0.06 

V I 

-bO.lO 

-0.03 

+0.01 

+0.00 

0.10 

0.14 

V H 

-b0.02 

+0.03 

-0.00 

+0.00 

0.07 

0.08 

Cr I 

-bO.lO 

-0.04 

-0.01 

-0.00 

0.06 

0.12 

Cr II 

-0.02 

+0.05 

-0.00 

+0.00 

0.07 

0.09 

Mn I 

-b0.08 

-0.07 

-0.03 

-0.01 

0.04 

0.12 

Fe I 

-b0.08 

-0.04 

-0.01 

-0.01 

0.01 

0.09 

Fe H 

-bO.Ol 

+0.04 

-0.01 

+0.00 

0.05 

0.07 

Co I 

-b0.08 

-0.08 

-0.03 

-0.01 

0.09 

0.15 

Ni I 

-b0.07 

-0.04 

-0.02 

-0.01 

0.06 

0.10 

Zn I 

-b0.04 

+0.01 

+0.00 

+0.00 

0.07 

0.08 

Sr H 

-b0.07 

-0.01 

-0.07 

-0.02 

0.07 

0.12 

Y H 

-b0.05 

+0.04 

-0.01 

+0.00 

0.07 

0.10 

Ba II 

-b0.08 

+0.03 

-0.02 

-0.01 

0.06 

0.11 

2MASS J183713.28-314109.3 

Na I 

-b0.12 

-0.01 

-0.06 

-0.03 

0.07 

0.16 

Mg I 

-bO.06 

-0.06 

-0.02 

-0.01 

0.03 

0.09 

A1 I 

-b0.05 

-0.08 

-0.06 

-0.04 

0.10 

0.16 

Si I 

-b0.09 

-0.11 

-0.03 

-0.02 

0.10 

0.18 

K I 

-b0.08 

+0.00 

-0.01 

+0.00 

0.10 

0.13 

Ca I 

-bO.06 

-0.02 

-0.01 

-0.00 

0.03 

0.07 

Sc H 

-bO.03 

+0.06 

-0.02 

-0.00 

0.04 

0.08 

Ti I 

-bO.ll 

-0.03 

-0.01 

-0.00 

0.02 

0.12 

Ti H 

-b0.02 

+0.06 

-0.02 

-0.00 

0.02 

0.07 

V I 

-bO.ll 

-0.04 

+0.00 

+0.00 

0.10 

0.15 

V H 

-bO.Ol 

+0.05 

-0.01 

+0.00 

0.05 

0.07 

Cr I 

-bO.lO 

-0.03 

-0.01 

-0.01 

0.03 

0.11 

Cr II 

-0.03 

+0.07 

-0.01 

+0.00 

0.07 

0.10 

Mn I 

-b0.09 

-0.05 

-0.03 

-0.02 

0.04 

0.12 

Fe I 

-b0.08 

-0.03 

-0.02 

-0.01 

0.01 

0.09 

Fe H 

-0.01 

+0.07 

-0.01 

+0.00 

0.03 

0.08 

Co I 

-b0.09 

-0.06 

-0.03 

-0.02 

0.10 

0.15 

Ni I 

-b0.08 

-0.03 

-0.01 

-0.01 

0.03 

0.09 

Zn I 

-b0.04 

+0.01 

-0.01 

+0.00 

0.07 

0.08 

Sr H 

-b0.04 

+0.03 

-0.08 

-0.03 

0.07 

0.12 

Y H 

-b0.05 

+0.06 

+0.00 

+0.01 

0.07 

0.10 

Ba II 

-b0.08 

+0.07 

-0.05 

-0.02 

0.07 

0.13 
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Table 7 — Continued 


Systematic Uncertainty 


Random Uncertainty 

Total Uncertainty 

Species ([X/H]) Teff + IOOK log5 + 0.20dex ^ + 0.10 km s“ 

Aabund. (dex) Aabund. (dex) Aabund. (dex) 

[M/H] + 0.10 dex 
Aabund. (dex) 

max(0.10, cTiines )/VN 
(dex) 

total 

(dex) 


Note. — Total uncertainty ((Ttotai) refers to the quadrature sum of random uncertainties and systematic uncertainties in stellar parameters 
(Teff, logp, [M/H], ^), where the stellar parameter uncertainties are assumed to be uncorrelated. The individual line uncertainties (criines) are 
assumed to be at least O.lOdex for each species, such that the random uncertainties are given by max(0.10, criines)/V^ where N is the number of 
transitions. 



